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SUMMARY 


Research  concerned  with  several  aspects  of  the  infrared  laser 

window  problem  is  described.  Measurements  of  the  Hall  effect  and 

electrical  conductivity  were  used  to  study  defects  in  ZnSe  and  it  was 

; 

found  that  a defect  model  governed  by  ionic  defects  can  be  developed. 

Pulsed  laser  damage  studies  revealed  that  there  are  still  signifi- 
cant sample  to  sample  variations  even  in  today's  so-called  improved 

2 

materials.  Alkali-halides  which  damage  at  5-10  GW/cm  can  be  obtained 

but  surface  damage  to  conventionally  polished  samples  occurs  at~l/10 

of  the  bulk  threshold.  Damage  to  10.6  (jm  anti-reflection  coatings  is 

2 

dominated  by  defects  and  in  general  occurs  at  ~0.  4 GW/cm  . Sapphire 

2 

has  a high  3.8  Um  laser  damage  threshold  (~25  GW/cm  ) and  so,  because 
of  its  mechanical  properties,  should  be  considered  for  use  in  HF/DF 
laser  optics. 

Thermal  lensing,  strain  optic  coefficients  and  the  dependence 
of  stress  induced  birefringence  on  crystal  orientation  were  studied.  In 
general,  acceptable  agreement  between  theory  and  experiment  was  found. 
There  is  theoretical  reason  to  believe  that  it  is  possible  to  design  a poly- 
crystal which  has  significantly  less  thermal  stress  induced  birefringence 
than  a single  crystal. 
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I.  INTRODUCTION 

This  report  describes  several  research  activities  related  to  the 
problem  of  infrared  windows  for  high  power  laser  systems.  The  proper- 
ties of  various  defects  in  ZnSe  were  studied  by  means  of  Hall  effect  and 
electrical  conductivity  measurements  and  by  electron  microscopy  tech- 
niques. It  was  found  that  donor  (Al)  doped  material  showed  electron 
concentrations  which  were  proportional  to  the  square  root  of  the  zinc 
pressure  and  the  donor  concentration.  Acceptor  (As)  doped  material 
showed  electron  concentrations  inversely  proportional  to  the  acceptor 
concentration.  Through  a combination  of  the  present  results  with  those 
of  other  workers  a defect  model  can  be  developed  which  is  governed  by 
ionic  defects  due  to  ionized  dopants  and  native  defects. 

Annealing  Ga-doped  ZnSe  under  various  Zn  partial  pressures  was 
found  to  induce  noticeable  changes  in  the  defect  substructure.  At  mod- 
erate Zn  pressures  the  microstructure  revealed  the  formation  of  a 
high  density  of  unfaulted  prismatic  loops.  These  have  been  Identified  to 
be  caused  by  the  condensation  of  excess  Zn  and  also  by  Se  vacancies. 

At  still  higher  Zn  pressures,  the  loop  concentration  decreased  drasti- 
cally and  only  some,  as  yet,  unidentified  precipitate  was  found. 

Pulsed  laser  damage  studies  were  conducted  at  TO.  6 pm  on  infra- 
red transmissive  materials  and  anti- reflection  coatings.  The  first  pulsed 
laser  damage  measurements  to  alkaline  - earth  fluorides  at  3.8  Mm  were 
conducted  in  a joint  effort  with  the  Naval  Weapons  Center  at  China  Lake. 
Certain  coatings  were  tested  for  both  pulsed  and  CW  laser  damage 
thresholds.  Pulsed  laser  damage  thresholds  were  summarized  and  the 
following  general  statements  were  ^’c'.’.nd  possible;  1)  at  10.6  um,  alkali- 

halides  damage  at  ~5-l0  GW/cm^,  2)  their  uncoated  surfaces  damage 

2 . . 2 
atl-2GW/cm  , 3)  anti -ref  lection  coatings  damage  at  ~0.  4 GW /cm  and 

2 

4)  at  3.  8 pm,  alkaline-earth  fluorides  damage  at  ~20-25  GW/cm  . These 
observations  can  be  used  to  guide  high  power  laser  system  designers. 
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Thermal  lenslng,  strain  optic  coefficients  and  the  dependence 
of  stress  induced  birefringence  on  crystal  orientation  were  studied  in 
another  part  of  this  work.  In  general,  acceptable  agreement  between 
theory  and  experiment  was  obtained.  The  experimental  data  obtained 
in  the  study  of  thermal  stress  induced  birefringence  and  the  theoretical 
j analyses  suggest  the  possibility  that  a polycrystal  can  be  designed  in 

which  this  effect  is  significantly  reduced. 


II.  DEFECTS  IN  ZnSe 


(F.A.  Kroger,  H.  Narayanan,  A.  Ray,  W.G.  Spitzer,  B.  V.  Dutt) 

A.  Defect  Chemistry  of  ZnSe 

Electrical  behavior  of  Al,  Ga  and  As  in  ZnSe  was  investigated  by 
high  temperature  and  room  temperature  electrical  conductivity  and  Hall 
measurement, 

A.  1 ZnSe ; Al 

High  temperature  electron  concentration  in  ZnSerAl  varied  as 

p at  low  and  medium  zinc  pressure  but  at  high  Zn  pressure, 

Zn 

electron  concentration  in  ZnSe  doped  with  3 and  30  ppm  Al  was  independent 

of  p . The  first  case  can  be  explained  by  the  incorporation  reaction 
Zn 


For  electrical  neutrality 


Independence  of  [e* ] of  p in  ZnSe  containing  low  amounts  of  Al  at  high 

Zn 

p is  duo  to  [e'l  = [Al*  ] = [Al]  ^ , = constant.  In  this  . ange  the 
^Zn  Zn  total 

electron  concentration  is  essentially  independent  of  temperature.  In 
the  Zn  pressure  range  in  which  [e']  “ p , the  electron  concentration 


3 


decreases  with  increasing  teiroerat\ire.  The  temperature  dependence  of 

the  electron  concentration  at  a particular  p gives  the  activation 

Zn 

energy  of  the  equilibrium  constant 


K = exp 

ZnV  ZnV  ^ 


AH  ^ 

( pnX)  with  AH 

2kT  ZnV 


-1.0  eV 


Conductivity  and  electron  concentration  were  also  measured  in  crystals 
quenched  to  room  temperature  after  being  equilibrated  at  high  tempera- 
ture under  well  defined  Zn  pressures.  At  high  p^^  the  room  temperature 
electron  concentrations  were  equal  to  those  at  high  temperature  indicating 
that  A1  forms  a very  shallow  donor  level.  At  room  temperature,  there  is 

a cut-off  in  electron  concentration  at  low  p . For  a sample  with  fixed 

Zn 

Al  content,  the  Zn  pressure  at  which  the  cut-off  takes  place  moves  to 

higher  Zn  pressure  with  increasing  annealing  temperature.  But  for  a 

particular  annealing  temperature  no  definite  relationship  was  observed 

between  cut-off  p_  and  Al  content.  The  cut-off  of  the  electron  concen- 
Zn 

tration  is  presumably  due  to  trapping  of  electrons  by  both  native  defects 
(V^^)  and  impurities  with  deep  levels,  the  latter  present  in  different 
concentrations  in  the  various  crystals.  Crystals  beyond  the  cut-off 
points  had  a high  resistance. 

A. 2 ZnSe : As 


As  is  expected  to  act  as  an  arce-tor  in  ZnSe . High  temperature 

Hall  measurements  under  Zn  vapor  were  carried  out  on  single  crystals 

ZnSe:50  ppm  As.  Electron  ronce.'.trations  were  much  lower  than  those 

1/2 

measured  for  donor-doped  crvstals.  They  varied  p and  increased 

Zn 

with  increasing  temperature.  As  shown  earlier. 
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ZnV  Zn  Zn 


Assuming  Frenkel  disorder  on  the  Zn-sub  lattice  to  be  predominant. 


[As'  ] = 2[Zn”] 
Se  1 


" 1/2  1/2  , 2 ,1/2  1/2 
^^'zn’  = Tli^T  = ""znV  ''f  Pzn 


..  . "«ZnV^"«F.,  2 ,1/2. .1/2 

•"o^^  ^Zn 

Se 


Ten5>erature  dependence  of  [e']  at  a particular  p gave 


AH  + AH"  = 1.8  eV.  WithAH^  „ = -1  eV  as  found  earlier, 
ZnV  F ZnV 


AH^  = 2.8  eV 


This  is  the  enthalpy  for  the  Frenkel  disorder  process: 


Zn^  + v’'  V"  + Zn*' 
Zn  1 Zn  1 


Should  Schottky  disorder  be  dominant,  the  same  value  of  2.8  eV  would 
apply  to  AHg,  the  enthalpy  of  the  reaction  0 ■+  V"^  + 


A.  3 ZnSe :Ga 

Investigations  on  ZnSe  + Ga  single  crystals  were  carried  out  because 
in  the  litorat’ure  there  is  evidence  of  the  observation  of  p-type  conduc- 
tivity in  ZnSe:Ga  which  is  not  properly  understood. 
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Attempts  to  measure  high  temperature  electror  concentration  in  Ga 
doped  ZnSe  under  Zn  pressure  were  unsuccessful  because  of  bad  electrical 
contacts.  Room  temperature  electron  concentrations  were  measured  in 
samples  quenched  from  high  temperature  after  equilibration  at  different 
Zn-pressures.  The  crystal  always  showed  n-type  conductivity.  At  high 
Zn  pressure  electron  concentration  was  found  not  to  vary  significantly 
with  Ga  content.  The  electron  concentration  in  ZnSe:100Ga  was  essen- 
tially independent  of  p^  at  high  Zn  pressure,  but  was  found  to  be 
dependent  on  the  temperature  from  which  the  crystals  were  quenched, 

-More  experiments  on  the  ZnSe:Ga  system  are  needed  to  fully  e>qjlain  the 
observed  behavior. 

Attempts  to  measure  high  temperature  Hall  effect  under  Se  vapor 
were  so  far  unsuccessful  because  no  suitable  lead  wire  was  found  which 
can  resist  chemical  attack  by  Se  vapor. 

B.  An  Electron  Microscope  Investigation  of  Structural  Imperfections 
in  II- VI  Compounds  (ZnSe  and  CdTe) 

The  objective  of  this  research  program  is  to  characterize  the 
lattice  defects  in  CdTe  and  ZnSe  by  using  thin  foil  transmission  electron 
microscopy  and  further  to  examine  how  the  defect  structures  are 
influenced  by  the  presence  of  dopant  iirpurities  and  by  various  post- 
growth  annealing  treatments.  The  work  in  this  period  was  concentrated 
on  the  study  of  ZnSe  doped  with  lOOppm  of  Ga.  The  crystals  were  obtained 
from  Eagle  Richer  Company  and  are  f.u...  the  same  batch  as  those  used  by 
Rrofassor  Kroger  and  his  students  in  their  study  of  the  electrical  and 
optical  properties.  The  crystals  were  subjected  to  annealing  treatments 

-■5  -3  -2  -2 

at  7C0°C  under  Zn  partial  pressures  of  10  3 x 10  ,10  , 3 x 10  and 

1 X 10  ^ atmospheres.  These  heat  treatments  are  identical  to  those 
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carried  out  in  the  electrical  properties  studies  of  the  crystal  so  that 
a definite  correlation  between  the  observed  changes  in  the  defect  S'ub- 
structure  and  electrical  properties  can  be  attempted. 

Thin  foils  suitable  for  transmission  electron  microscopy  were  pre- 
pared from  bulk  cri'stals  using  a cherrdcal  jet  polishi.ng  technique  using 
a solution  of  40  parts  HCl,  4 parts  and  1 part  K^O  by  volume.  The 

use  of  this  chemical  solution,  although  produced  electron  transparent 
specimens  (which  under  conventional  optical  examination  exhibited  high 
degree  of  surface  finish)  when  examined  in  the  electron  microscope  re- 
vealed the  presence  of  surface  contamination  in  the  form  of  thin  discs 

O 

or  platelets  500  to  1000  A in  diameter.  These  surface  contaminants,  in 
many  cases  exhibited  .Moire  fringe  contrast,  a typical  example  of  which  is 
shown  in  Fig.  1(a).  Diffraction  patterns  obtained  from  such  specimens 
showed  diffused  rings  resiUting  from  the  contaminant  in  addition  to  the 
spot  pattern  due  to  ZnSe.  Figure  1(b)  shows  a diffraction  pattern 
obtained  from  a heavily  contaminated  region  of  a thin  foil  in  which  a 
number  of  rings  are  clearly  visible.  An  analysis  of  this  ring  pattern 
and  moire  fringes  indicated  that  the  contaminants  are  probably  thin 
layers  rich  in  zinc.  It  is  believed  that  such  layers  could  have  formed 
due  to  the  rapid  preferential  dissolution  of  Se  in  the  chemical 
polishing  solution. 

The  extent  of  such  contamination  can  be  minimized  by  exercising 

extreme  care  in  washi.ng  the  sa.-.^  1 after  chemical  polishing  (use  of 

warm  water  seem  to  help)  however  ‘ t al  elimination  of  the  contamination 

•was  •virtually  impos-'  le.  Short  time  (2  to  5 mi.-.utos)  ion  bea.m.  etching 

+ 

ions  at  low  bea.m  current  m.ay  be  also  'used 


■using  low  energy  (1  kV) 


FIG  1 


Fig.  1(a)  A brightfield  mlcrogrnph  siiowing  surface  contaminants 
on  a ZnSe  thin  foil  spt?cinien  f>repared  by  using  the  HCI-H2O2-H2O 
chemical  polishing  solution.  Note  the  moire'  fringes  associated 
with  the  surface  contaminants. 

(b)  Selected  area  electron  diffraction  from  a heavily  contaminated 
specimen  showing’  diffuse  rings  resulting  f.’om  the  contaminant  super- 
imposed on  the  spot  pattern  from  7.nSe. 


to  remove  the  surface  contcimir.ation  after  chemical  polishinc.  Use  of 

several  other  chemical  polishing  solutions  (both  acedic  and  alkaline 

Eg:  A mixture  of  0‘lSN  KaOCl  andO'13N  Na  CO  ; 90  gram  K Fe(CK)  , 1.7  gram 

2 3 3 6 

KOH  in  300  of  H„0  ; or  0.4%  bv  volume  of  Br  in  methanol)  yielded  less 
than  satisfactory  results. 

3.1.  Lattice  Defects  in  Ga-doped  ZnSe 

The  microstructure  of  as-grown  ZnSe  doped  with  lOOppm  of  Ga  was 
virtually  free  of  most  lattice  defects  except  for  the  presence  of 
isolated  extrinsic  stacking  faults.  An  example  is  shown  in  Fig.  2. 

4 , 2 

The  average  dislocation  density  in  the  as-grown  crystal  was  below  10  / cm  . 

Annealing  of  the  as-grown  crystal  at  700°C  under  a Zn  partial  pressure 

of  1 X 10  ^atm.  showed  no  substantial  changes  in  the  microstructure.  A 

few  precipitates  were  visible  in  the  matrix  (see  Fig.  3) . On  increasing 

the  Zn  partial  pressure  to  3 x 10  ^atm. , the  substructure  revealed  the 

presence  of  a few  dislocation  loops  as  can  be  seen  in  Fig.  4.  These 

loops,  which  lie  on  the  {110}  planes  of  ZnSe,  showed  no  fault  contrast:  when 

imaged  under  various  operating  reflection.  Using  conventional  image 

contrast  analysis  which  is  outlined  i.n  literature  (1)  these  loops  have 

been  identified  to  be  prismatic  in  nature  and  of  the  vacancy  type.  The 

formation  of  an  unfa'ulted  prismatic  loop  on  the  (llO)  type  of  pla-nes  in 

ZnSe  requires  equal  n’umbers  of  Zn  and  Se  vacancies.  Consequently,  the 

formiaticn  of  these  loops  indicate  the  presence  of  a.n  excess  concentration 

of  both  Zn  and  As  vacancies  under  the  conditions  of  annealing. 

700‘C  annealing  'under  a still  higher  partial  press’ure  of  Zn , 

-2 

VIC:  o = 3 X 10  atm.,  resulted  in  the  formation  of  a still  hicher 

Zn 
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Fig.  2 Brig^tfield  mi crograpti  showing  extrinsic  stacking  fault  in 
the  as-grown  7,n.'  • dof)ed  with  Ga. 

Fig.  3 Brightfield  micrograph  of  a Ga-doped  ZnSe  annealed  at  700*C 
under  a Zn-partial  pressure  of  IfT^  atoms.  Arrows  show  isolated 
precipitates. 


density  of  vacancy-type  prismatic  dislocation  loops.  A typical  example 

of  the  resulting  substructure  is  shown  in  Fig.  5 (a) . Apart  from  the 

circular  loops,  there  appears  a number  of  loops  with  parallelogram 

shape.  Trace  analysis  showed  that  the  dislocation  segments  bounding 

the  parallelogram  shaped  loops  lie  along  <112>  type  directions  in  ZnSe. 

In  addition  to  the  loops  which  lie  on  {110}  habit  planes,  there  are  a 

number  of  other  loops  which  lie  on  {ill}  planes  of  ZnSe.  As  in  the 

case  of  the  samples  annealed  under  p = 3 x 10  ^atm. , all  the  loops 

Zn 
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present  in  samples  annealed  under  a Zn  partial  pressure  of  3 x 10  atm. 
were  also  identified  to  be  of  the  vacancy  type.  Another  feature  of  the 
microstructure  of  these  specimens  is  the  presence  of  helical  dislocations. 
Fig.  5(b)  shows  the  initial  stages  of  the  formation  of  a dislocation 
helix  and  Fig.  5 (c)  shows  a helix  (marked  by  the  arrow)  which  has  already 
been  formed.  The  formation  of  these  helices  also  is  an  indication  of 
the  presence  of  a concentration  of  point-defects  (possibly  vacancies  in 
the  present  case)  in  excess  of  the  equilibrium  value  at  this  temperature. 
In  addition  to  the  presence  of  the  dislocation  loops  and  helical  dislo- 
cation in  several  areas  of  the  speicmens  annealed  at  700°C  under  a 

p of  3 X 10  ^atm.  showed  dislocation  tangles  which  were  associated 
Zn 

with  an  unidentified  precipitate.  An  example  of  such  dislocation  tangles 
is  shown  in  Fig.  5(d).  It  is  believed  that  dislocations  axe  probably 
punched  out  by  the  precipitate  which  is  harder  than  the  matrix,  during 
cooling  from  the  annealing  temperature.  On  increasing  the  Zn  partial 
pressure  to  O.latms.  there  was  a drastic  reduction  in  the  density  of 
the  prismatic  loops.  However,  the  unidentified  precipitates  and  the 
dislocation  tangles  associated  with  them  were  still  present  in  the 
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• rraph  ;.h  the  presence  of  prismtic 
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Fig.  5(b)  Brightfield  micrograph  showing  the  initial  stages  of  formation 
of  a dislocation  helix  (arrow)  in  the  same  sample  as  that  in  Fig.  5(a). 

(c)  Brightfield  micrograph  showing  a fully  transformed  helix  in  the  same 
sample  as  above. 


(d)  Brightfield  micrograph  .showing:  dislocation  tangle.s  associated  with 
unidentified  precipitates  (arrow)  in  the  sam{)le  annealed  at  700°C  luuler 
a P„  = 3x10"^  atms. 
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microstructure,  as  can  be  seen  in  Fig.  6. 

The  annealing  induced  changes  in  the  substructure  of  Ga-doped  ZnSe, 

reported  above  are  currently  being  analyzed  in  the  light  of  the  defect  model 

developed  by  Professor  Kroger  and  his  students  based  on  their  electrical 

properties  measurements  on  this  system.  T.he  formation  of  the  dislocation 

loops  occurs  in  the  same  Zn  partial  pressure  range  at  whic.h  the  change  in 

electron  concentration  with  p shows  a discontinuity  ’2].  Such  a disconti- 

Zn 

nuity  seems  to  indicate  the  occurrence  of  some  carrier  compensation  mecha- 
nism that  may  be  linked  to  the  formation  of  prismatic  dislocation  loops.  It 
is  interesting  to  note  that  formation  of  vacancy  type  prismatic  loops  during 
annealing  has  been  observed  previously  in  donor-doped  GaAs,  with  accom- 
panied decreases  in  free  carrier  concentration  [3,4]. 

C.  Absorption  Studies  of  CdTe  and  ZnSe 

During  the  past  year  our  efforts  to  investigate  impurity'  and  defect- 
related  absorption  in  CdTe  and  ZnSe  have  continued.  The  work  has  been 
concentrated  on  three  main  problems.  The  first  was  completion  of  the 
vibrational  mode  absorption  of  P (phosphorus)  in  CdTe,  second  was  the  exten- 
sion of  the  CdTe;P  study  to  the  P-dooed  ternarv  materials  Zn  Cd,  Te  and 

X 1 -X 

Mg  Cdj  third  was  the  completion  of  our  study  of  absorption  by  free 

electrons  inAl-doped  ZnSe. 

The  CdTe:P  work  was  largely  reported  in  the  1975  annual  report 

and  will  be  published  in  the  Journal  of  Applied  Physics.  The  major  findings 

of  this  study  were;  1)  there  are  two  P defect  centers,  one  P or  P.  center 

Te  i 

having  T^  svTnmetry  and  the  other  a P-complex  with  axial  symmetry: 

2)  the  t)r  P.  is  a shallow  acceptor,  while  the  P-complex  appears  to  be 

a neutral  center;  3i  the  shallow  accentors  P„  x>r  P.  are  present  in  ur.a>so- 

Te  1 

dated  form  and  nati\'e  donors,  •■cn  as  Cd  interstitials,  account  for  the 
obs-rved  self- compensation. 

T.he  second  and  Ih’rd  studies  referred  to  above  have  also  been  comi- 
pleted,  sub’;  :;td  and  accepted  for  publication  in  the  Jour.nal  of  Applied 
Physics.  Since  there  is  relatively  little  detail  on  these  studies  in  previous 
reports  we  present  the  results  in  the  two  papers  which  are  included  as 
Appendices  A and  B. 
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Brightfield  dislocation  showing  the  presence  of  precipitates 
rated  dislocations  (arrow)  in  a Ga-doped  ZnSe  annealed  at 
der  a Zn-partial  pressure  of  0.1  atm. 


III.  PULSED  LASER  INDUCED  DAMAGE 
(M.  Bass,  K.  M.  Leung,  C.  C.  Tang) 

A.  Re-examination  of  Laser  Induced  Breakdown  In  the  Alkali 

Halides  at  10.6  |-im 

1.  Introduction 

The  laser  induced  bulk  damage  thresholds  of  IR  materials  have  been 
shown  to  depend  upon  the  manner  in  which  the  samples  are  irradiated  l5j. 

In  reference  [5],  it  is  reported  that  sites  in  a sample  which  have  been 
pretreated  by  low  laser  intensities  will  have  higher  damage  thresholds 
than  unconditioned  sites.  Other  investigators  [6j  have  also  observed  this 
effect.  Since  the  damage  thresholds  of  alkali  halides  have  been  used  to 
identify  avalanche  breakdown  as  the  intrinsic  damage  mechanism  [7],  the 
results  of  references  [5^  and  [6]  indicate  the  need  for  remeasuring  the 
damage  properties  of  these  materials.  This  requires  re-examining  the 
procedure  of  irradiation  used  by  various  researchers  in  measuring  break- 
down thresholds.  In  this  section,  we  discuss  the  variations  in  damage 
thresholds  between  different  samples  of  the  same  material.  We  present 
data  which  show  that  the  dependence  of  the  damage  threshold  on  the  method 
of  irradiation  is  related  to  the  presence  of  defects  and  inclusions  in  the 
medium.  To  determine  the  exact  role  of  defects  in  laser  induced  break- 
down of  materials,  a study  was  also  made  of  1 ) the  relationship  between 
the  damage  threshold  and  the  size  of  the  irradiated  focal  volume,  and 
2'  the  damage  thresholds  of  recent  conventional  and  RAP  grown  samples 
as  com.pared  to  previous  samples  of  the  same  materials. 

2.  Experimental 

The  experimental  set  up  used  has  been  described  in  detail  earlier 
.P\  High  speed  photon  drag  d>  u.ctors  were  used  for  comparing  the  inci- 
dent laser  Dulsc  v.a  -eform  with  that  transmitted  through  the  sample. 

, ne  occurrence  of  damage  was  visually  determined  during  the  experiment 
by  the  occurrence  of  a spark  or  by  the  appearance  of  residual  damage 

1( 
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following  irradiation.  An  optical  microscope  was  used  later  to  examine 
the  morphology  of  each  irradiated  site.  Physical  damage  was  accom- 
panied by  an  attenuation  of  the  transmitted  pulse.  The  damage  threshold 
was  defined  as  the  incident  flux  at  which  50%  of  the  irradiated  sites 
damaged  and  its  value  was  determined  from  the  average  of  the  results 
for  10s  ites. 

The  important  parameters  of  the  TEA  CO^  laser  system  are 
summarized  in  Table  I.  The  laser  was  operated  in  the  fundamental 
TEMqp  transverse  mode  in  order  to  provide  a well  characterized  beam 
spatial  profile.  This  was  focused  into  the  bulk  of  the  samples  with  lenses 
resulting  in  focal  spot  diameters  of  59  |am  or  89  iim.  Ln  our  experiments, 
the  diameter  is  defined  as  the  diameter  at  which  the  intensity  falls  to 
1/e^  of  its  peak  value.  Consistent  with  the  notation  used  in  the  literature, 
this  definition  corresponds  to  the  diameter  at  which  the  electric  field  falls 
into  1 / e of  its  peak  value.  Since  damage  only  occurs  in  the  first  half  of 
the  gain-switched  laser  pulse  as  evidenced  by  observation  of  the 

transmitted  waveform  [8],  the  long  tail  of  the  pulse,  containing  50%  of  the 
total  energy,  does  not  contribute  to  the  breakdown  mechanism  of  the 


Table  I.  Summary  of  Experimental  Parameters 


Laser 

CO,  TEA 

2 

Wavelength 

10.6  ^im 

Waveform 

92  nsec  gain  switched  pulse  with  self  mode  locked 
spikes  <2.  5 nsec  duration  and  8 nsec  interpulse 
spacing 

1 

Transverse  mode 

■"^%o 

\ 

Attenuation 

ZnSe  beam  splitter  and  tu'o  Brewster  angle  stacked 
plate  polar o 

Focusing  lens 

Ge,  2.54  cm  and  3.8  cm  focal  lengths,  abberation 
free 

Focal  spot  diamete." 

2 

59  ^m  and  89  um  at  1/e  in  intensity 

\ 

notfCtion  sy'stem 

Photon  drag  detectors  and  Tektronix  7844  oscillo- 
scope. Risetime  = 2.  5 nsec. 

material.  The  average  energy  flux  £ (J/cm  ) is  given  by 

^ i r 

r _ 2 t— 


nv.- 


where  is  the  total  energy  contained  in  the  entire  pulse.  The  average 
power  density  P(W/ 
are  then  related  by 


2 2 
power  density  FfW/cm  ) and  the  peak  on-axis  pow'er  density  PQ(W/cm  ) 


P. 


2P  = 2 (5’/t 


where  T is  the  full  width  at  half  maximum  of  the  gain-switched  part  of  the 
TEA  laser  pulse. 


3.  Comparison  of  N on  1 and  1 on  1 Damage  Thresholds 
An  N on  1 measurement  of  the  laser  damage  threshold  has  been 
defined  as  one  in  which  a site  is  initially  irradiated  at  a low  intensity  and 
the  flux  is  increased  by  a small  amount  (5%  in  these  experiments)  on 
successive  pulses  until  damage  occurs  [5],  This  was  the  procedure  used 
by  Allen  et  [6]  in  reporting  damage  thresholds  for  RAP  grown  alkali 
halides.  A more  conventional  threshold  measurement  is  obtained  in  a 
1 on  1 experiment  where  each  site  is  irradiated  only  once  and  the  intensity 
which  produces  damage  507o  of  the  time  is  sought  [5,  7,  8], 

Our  data  for  the  N on  1 and  1 on  1 thresholds  of  several  materials 
is  summarized  in  Table  II.  We  note  that  the  differences  are  not  due  to 
the  difference  in  the  definitions  of  the  N on  1 and  1 on  1 thresholds  because 
by  increasing  the  incident  flux  by  only  10%  in  a 1 on  1 experiment,  we 
could  produce  damage  on  all  sites.  Thus,  a difference  greater  than  10% 
is  indicative  of  a conditioning  effect  due  to  the  low  intensity  pulses  in  an 
N on  1 test. 

Table  II  shows  that  the  N’  on  1 experiment  gives  noticeably  greater 
thresholds  in  the  RAP  yocessed  KBr  and  the  conventionally  grown  KI. 

The  difference  is  less  in  KCl  and  in  N'aCl  and  XaF  the  two  thresholds 
arc  the  same.  A few  of  the  samples  had  very  low  thresholds  due  to  high 
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Table  II.  Comparison  of  N on  I and  1 on  1 Laser  Damage  Thresholds 


Material  10.6  ^m  Damage  Threshold 

2 

in  GW / cm 


Spot  Size  2Wq  = 89  Um 


(N  on  1 ) 
(1  on  1) 


1 on  1 

N on  1 

„ Threshold 

R =i 

Threshold 

NaCl 

(conventional) 

9.  83 

9.  89 

1.  00 

NaCl 

(RAP) 

< . 38 

< . 38 

- - 

KCl 

(conventional) 

.87 

1.  13 

1.  3 

KCl 

(RAP) 

< . 38 

< . 38 

- - 

KBr 

< . 38 

< . 38 

. . 

(conventional) 

KBr 

(RAP) 

7.  23 

15.  35 

2.  12 

NaF 

(conventional) 

16.49 

17.  07 

1. 04 

KI 

(conventional) 

1. 07 

1. 97 

1. 84 

concentrations  of  inclusions  and  so  in  Table  II  their  damage  fluxes  are 
given  as  upper  bounds.  The  presence  of  inclusions  or  defects  in  certain 
samples  was  detected  by  the  observation  that  the  positions  of  the  damage 
sites  varied  randomly  along  the  incident  beam  direction.  In  particular, 
this  was  seen  in  the  RAP  processed  NaCl  and  KCl  samples  used  in  the 
present  study.  We  note  that  as  a result  these  samples  had  lower  damage 
thresholds  than  conventionally  preoared  samples  of  NaCl  and  KCl.  The 
reverse  is  true  for  the  samples  of  KBr  studied  in  this  work. 


4.  Comparison  of  Materials 

Upon  comparing  the  thresholds  of  these  materials  with  other 
samples  investigated  by  Bass  and  Leung  [s],  a marked  increase  in  damage 
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thresholds  for  the  conventionally  grown  MaCl  and  KCl  samples  was  noted. 

The  thresholds  which  they  obtained  for  conventional  N'aCl  and  KCl  were 

2 2 

6.10  GW/cm  and  .65  GW/cm  respectively  as  comipared  to  9.83  GW, 'cm 
and  0.87  GW/cm^  obtained  herein.  The  previous  R.AP  grown  KCl  had  a 
threshold  of  4.60  GW/cm^  which  is  significantly  higher  than  that  of  the 
sample  studied  in  this  work.  This  indicates  that  R.AP  grown  rr.aterials 
are  not  necessarily  always  better  than  conventional  materials.  Clearly, 
they  could  be  more  dam.age  resistant  than  conventional  m.aterials  if  they 
are  inclusion  and  defect  free. 

A comparison  of  the  breakdown  electric  fields  of  the  recent 
samples  with  those  obtained  by  Yablonovitch  _7_  at  10.6  ^m  is  shown  in 
Table  III.  The  electric  fields  are  normalized  to  that  of  KaCl.  In  the 


Table  III.  Relative  Breakdown  Fields  at  1 0.  6 '...m  - Normalized  to  E„, 

NaCl 


Material 

Current  Results 

Previous  Iv  Published  Results 

NaCl 

1 

1 

KCl 

. 573 

. 713 

KBr 

. 309 

. 482 

NaF 

1.  33 

1.  64  (®1. 06  ;um)  [9] 

KI 

, 440 

. 27 

present  work  and  for  our  particular  sample  of  NaCl,  the  breakdown 
electric  fie  Id  was  found  to  be  (1.8  ± 0.  18)\IW/cm.  Our  expe  r im.ental 
conditions  were  nearly  identical  to  those  of  Yablonovitch  who  obtained 
(1.95  + . 2)  MV/cm  for  the  breakdown  field  of  NaCl  at  10.6  pim  ^7j.  We 
can  see  that  the  two  results  agree  within  the  experimental 
of  the  measurements.  Table  III  shows  that  there  is  general  agreement 
in  the  breakdown  field  ratios  for  KCl  and  NaF.  For  the  other  samples, 
however,  the  ratios  differ  wid-'.  ..  Since  the  agreement  of  the  results 
for  NaCl  indicates  adequate  experimental  accuracy,  wo  conclude  that 
the  discrepancies  in  the  electric  field  ratios  for  t.he  same  materials 
are  due  to  sample  variations.  This  suggests  that  the  damage  threshold 
for  anv  material  should  be  obtained  from  the  average  of  the  value 
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obtained  for  several  samples 


5.  Dependence  of  Damage  Thresholds  on  Spot  Size 
DeShazer,  Newnam  and  Leung  [l  O]  have  previously  reported  that 
the  damage  thresholds  of  thin  optical  coatings  correlate  strongly  with  the 
size  and  distribution  of  defects.  Since  the  probability  of  hitting  a ran- 
domly distributed  defect  is  greater  when  a large  cross-sectional  area 
is  irradiated  than  when  a smaller  area  is  Irradiated,  and  since  materials 
containing  defects  damage  more  easily  than  defect  free  materials,  it  is 
to  be  expected  that  large  diameter  beams,  on  the  average,  damage 
materials  more  easily  than  small  diameter  beams.  The  present  work 
extends  the  results  of  [lOj  to  bulk  damage  in  transparent  materials. 

In  order  to  investigate  the  role  of  defects  in  solids,  the  power 
density  thresholds  for  damage  to  the  materials  shown  in  Table  IV  were 
determined  using  two  lenses  (their  focal  lengths  were  25  and  38,  0 mm) 
yielding  focal  spot  diameters  of  59  Lm  and  89  fim.  The  thresholds  for 
NaCl,  NaF  and  RAP  KBr  did  not  depend  noticeably  on  the  focal  spot 

Table  IV.  Comparison  of  Damage  Thresholds  for  Different  Spot  Sizes 

Material I 0.  6 pm  Damage  Threshold  inGW/cm^ 

2Wq  = 59  (im  2Wq  = 89  Lm 


NaCl 

13.  21 

9.  83 

NaCl  - RAP 

3.  30 

< . 38 

KCl 

2.92 

0.  87 

KCl  - RAP 

3.  21 

< . 38 

KBr 

0.88 

< . 38 

KBr  - RAP 

7.83* 

7.  23 

NaF 

19.  02 

16.  50 

KI 

1. 91 

1. 07 

"tprelim inary  data 

diameter.  For  other  samples,  such  as  RAP  NaCl  and  R.A  P K'Cl,  the 
damage  thresholds  using  the  different  lenses  differed  by  an  order  of  mag- 
nitude. Due  to  the  smallness  of  the  RAP  KBr  sample,  only  preliminary 
data  consisting  of  a single  site  could  be  obtained  using  a 59. pm  spot  size. 
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The  presence  of  defects  in  RAP  KCl  and  NaCl  was  verified  by  morpho- 
logical studies.  The  samples  showing  no  dependence  on  focal  spot 
diameter  were  either  densely  filled  with  small  inclusions  or  relatively 
inclusion  free  and  damaging  due  to  an  intrinsic  process. 

B.  Pulse  Laser  Damage  in  Three  Layer  1 0.  f i-m  AR  Coatings 
on  KCl 

1.  Introduction 

One  goal  of  the  IR  Window  Program  is  to  develop  10.6  t-m,  anti- 
reflection  (AR)  coatings  for  KCl  window  materials  such  that  the  absorp- 
tion, reflectance  and  scattering  losses  are  each  less  than  0.1%  per  sur- 
face. It  is  also  necessary  for  the  coatings  to  have  good  environmental 
stability  and  a high  laser  damage  threshold. 

Previous  studies  [llj  had  shown  that  these  goals  could  not  be 
achieved  using  bvo  layer  designs.  Thus,  several  three  layer  designs 
were  generated  at  Hughes  Research  Laboratory  (HRL).  Preliminary 
studies  indicated  that  these  AR  coatings  could  meet  the  program  goals 
for  absorption  and  reflection  losses.  The  experimental  studies  have 
been  extended  to  other  designs  and  these  AR  coatings  have  been  subjected 
to  pulsed  laser  damage  measurements  in  this  work. 

2.  Experimental 

The  experimental  procedure  used  in  the  damage  measurements 
was  described  in  detail  in  references  [S]  and  [l2j  and  in  the  preceding 
section.  The  following  derivation  of  the  expressions  for  peak  on-axls 
intensity,  energy  density  and  etc.  is  included  here  for  completeness. 

The  relationships  between  the  desired  quantities  and  the  measured  total 
energy,  pulse  duration  and  focal  spot  radius  can  be  derived  in  the  follow- 


ing manner: 


A 

will  have 


laser  pulse  which  has  Gaussian  spatial  and  temporal  profiles 
an  instantaneous  power  density  of  the  form 


P(r,t)  = P exp  (f-4In2)t^/T^)  exp(-2r^/w^) 
o o 


where  r and  t are  the  radial  and  time  coordinates.  The  symbols  are 
defined  in  the  list  of  symbols  in  Table  V.  The  total  energy  contained  in 
the  pulse  is 


f 1 = I T P(i-,t)dtdxdy 

total  J 0 J ^ 


2 2 2 

where  r = (x  + y ).  Carrying  out  the  integration  over  t gives 
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The  term  in  brackets  is  just  the  peak  on-axis  energy  density  and  so 


The  total  energy  is  then 
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Using  Eqs.  (1)  and  (2),  we  obtain  the  following  relation  between  the 
desired  and  the  measured  quantiti'' ■ 
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Table  V. 


P(r, t) 

(f 

o 

? 

total 

T 


= Instantaneous  power  density  (W/cm“) 

2 

- Peak  on-axLs  energy  density  (J/cm  ) 

= Average  energy  density  (J/cm^) 

= Total  energy  (J) 

= Pulsewidth  (FWHM)  of  ga in- switched  pulse) 


(5) 


(6) 


P = Peak  on-axis  power  density  (W/cm 
o 

P = Average  power  density  (W/cm^) 


w - Radius  of  beam  at  1/e  tsoint  in  intensity 
o 

3.  Results 

The  coatings  tested  in  this  study  are  described  in  reference  ^llj. 
and  were  deposited  on  KCl  substrates.  The  ZnSe/ThF^/ ZnSe  design  was 
developed  first.  Of  19  samples,  six  had  an  absorption  loss  of  0.05  to 
0.  06%  per  surface,  six  had  losses  of  0.  07  to  0.  085%  and  three  were  in 
the  range  of  0.09  to  0.10%.  Of  the  same  group,  eight  had  reflectance 
losses  of  less  than  0.  06%  and  three  had  losses  in  the  range  of  0.  07  to 
0.  10%  per  surface. 

The  ZnSe/KCl/ZnSe  design  was  tested  next.  The  films  had  a 
higher  absorption  than  predicted.  They  exhibited  an  opalescent  appear- 
ance which  may  be  due  to  crystallite  formation  of  the  KCl  layer.  A num- 
ber of  runs  were  made  to  determine  if  modification  of  the  substrate 
deposition  temperature  or  the  deposition  rate  would  elim.inate  this  feature. 
No  significant  differences  were  observed  for  substrate  temperatures  of 
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25  to  110°C  and  a three  fold  variation  in  the  deposition  rate.  A total  of 
16  samples  were  prepared.  These  had  an  average  reflectance  loss  of 
0.  06%  (the  range  was  0.  04  to  0.  10%),  and  an  average  absorption  loss  of 
0.  24%  (the  range  being  0.  18  to  0.  34%). 

The  coatings  that  were  to  be  tested  were  picked  up  at  HR  L at 
11:00  A . M.  on  a day  in  June  when  the  outside  temperature  was  ~90°F. 

They  were  packed  in  sealed  boxes  with  desicant  present  and  at  the  indoor 
temperature  of  ~72°F.  It  took  ~1  hour  to  transport  the  sam.ples  from 
HRL  to  use  where,  in  the  ~72°F  temperature  of  the  laboratory  the  sam.ples 
were  allowed  to  equilibrate  overnight.  When  they  were  opened  for  inspec- 
tion the  next  day,  all  showed  signs  of  crazing.  An  example  of  this  is 
shown  in  Fig.  7 for  a ZnSe/ThF/ ZnSe  sample  (HRL  #B109  RF3).  The 
dark  spot  in  the  center  of  the  micrograph  is  a laser  damage  site  and  was 
not  the  cause  of  the  crazing.  At  this  time  we  attribute  such  crazing  to 
the  thermal  cycling  which  occurred  when  the  samples  were  brought  to 
use.  The  HRL  group  is  working  on  this  problem. 

The  results  of  the  laser  damage  threshold  tests  are  presented 
in  Table  VI.  In  the  N on  1 test,  the  laser  power  was  increased  in  approxi- 
mately 5%  increments  at  a fixed  place  until  damage  was  seen  to  occur. 

The  1 on  1 test  was  conducted  by  exposing  the  coating  to  a single  laser 
shot  to  determine  the  level  at  which  50%  of  the  shots  result  in  damage. 

The  differences  in  the  two  results  are  within  the  range  of  values  and  are 
not  considered  to  be  significant. 

The  damage  sites  were  examined  after  irradiation  with  a light 
microscope  to  check  on  the  role  of  defects  in  the  damage  process.  Figure 
8 shows  the  morphology  of  a damage  site  on  a ZnSe /KC 1/ Z nSe  coating 
on  KCl.  Within  the  spot  cor responawig  to  the  irradiated  area,  the 
irregularly  placed,  localized  damage  sites  are  considered  to  be  clear 
evidence  of  defect  induced  damage.  Notice  that  in  the  region  near  the 
defect  site  the  coating  has  been  completely  removed  and  the  substrate  is 
exposed. 
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Figure  7,  Micrograph  of  ZnSe/  IhF^/  7 nSe  coating  on  KCl  showing 
crazing  caused  by  thermal  cycling.  The  spot  in  the  photo 
is  a pulsed  laser  induced  damage  site  produced  on  the 
coating  after  the  crazing  occurred. 
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Figure  8.  Laser  damage  to  a V '.t  KCI  /nSe  on  KCI  A-R  coating 

showing  the  role  of  defect  (probably  absorbing  inclusions! 
in  the  daniage  process. 


The  damage  test  results  reported  here,  obtained  at  the  Center 
for  Laser  Studies,  were  corroborated  by  damage  m.easurem.ents  taken  at 
Hughes  Research  Laboratories  by  Wang  using  a well  characterized 
10.6  (..m  pulsed  CO^  laser  II  3^  . 


C.  Pulsed  Laser  Induced  Damage  at  the  DF  Laser  Wavelength’' 

1.  Introduction 

.Alkaline-earth  fluorides  have  been  studied  for  use  In  optical  com- 
ponents In  laser  systems  operating  In  the  spec'ral  range  from  2-5  ^im,. 

The  damage  resistance  of  optical  materials  suitable  for  use  In  the  2-5 
|am  region  has  not  yet  been  systematically  evaluated.  In  this  section  we 
present  preliminary  measurements  of  the  damiage  resistance  of  the  best 
obtainable  samples  of  certain  alkali-earth  fluorides,  alkali-halides  and 
sapphire.  We  also  discuss  the  properties  of  these  materials  as  they 
relate  to  high  power  2-5  ^.m  laser  systems. 

2.  Experimental 

The  experimental  set  up  a.nd  procedures  are  similar  to  those 
described  in  reference  [S].  The  basic  apparatus  consists  of  a pulsed 
TE  DF  laser,  a beam  attenuator,  a test  chamber,  and  an  energy/wave- 
form m.onitoring  system.  The  experimental  parameters  are  summarized 
in  Table  VII.  The  pulsed  DF  laser  used  in  this  work  has  an  unstable 
resonator  cavity  and  a multiline  output  of  ~400  mj. 

Due  to  multiline  operation,  we  observed  the  two  peaked  waveform 
from  the  DF  laser  shown  in  Fig.  9.  If  t.he  laser  was  operated  in  a single- 
line,  then  a single  peak  waveform  was  obtained.  However,  the  energy 
output  of  this  single-lino  laser  ■ s ■"  weak  for  our  purposes. 

In  order  to  define  -i  .age  flux  of  laser  pulse  we  constructed 

an  equivalent  pulse  having  a sir  -peak  waveform  with  its  maximum 
equal  to  that  of  the  aec-i.-.d  peak  and  with  leading  and  trailing  edges  drawn 

* This  part  of  our  research  Wis  conducted  jointlv  with  M.  ,T.  Soileau 
at  Naval  Weapons  Cent(-r,  China  I.ake,  i alif' mia. 
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ulti-line  Dt"  L'iser  pulse.  The  dashed  curve  ri-prescnts  the 
cted  in  order  to  deduce  a damage  threslif)lrt  iritensity. 


■ Laser  TE  - DF 

! . Wavelength  30  lines  (3.  5-4.  1 |jm);  3 dominant  lines  '2'3.  S 

' j um  each  separated  by  ~0.  038  jjrn 

. i 

Waveform  2 leading  sharp  peaks  followed  by  a long  low  tail, 

: •;  equivalent  pulsewidth  is  75  nsec 

1 ■ Transverse  mode  Lowest  order  unstable  resonator  mode 

I j Attenuation  NaCl  beam  splitter  and  two  7 nSe  Brewster  angle 

stacked  plate  polarizers 

Focusing  lens  ZnSe,  3.58  cm  focal  length,  AR  coated  (§3.8„m 

Focal  spot  diameter  120  um  at  1/e^  in  intensity 

Detection  system  Photon  drag  detectors  and  Tektronix  7844 

oscilloscope:  risetime  = 2.  5 nsec 

to  average  out  this  enclosed  area  under  the  original  wa%’eform..  This 
equivalent  waveform  is  indicated  by  the  dashed  curve  in  Fig,  9.  It  con- 
tains 50%  of  the  energy  that  was  in  the  pulse  and  has  a full  width  of  the 
half  maximum  of  75  nsec. 

We  monitored  the  waveforms  of  both  the  incident  and  transmitted 
pulses  in  the  manner  described  in  reference  [8^.  The  transmitted  pulse 
was  attenuated  when  damage  occurred  as  shown  in  Fig.  10.  Near  thresh- 
old, the  attenuation  occurs  at  the  peak  of  the  second  pulse  while  above 
threshold  it  occurs  at  the  peak  of  the  first  pulse.  This  is  evidence  for 
the  importance  of  the  peak  intensity  in  the  damage  process.  It  is  also 
one  rationale  for  constructing  the  equivalent  pulse  as  described  above  in 
order  to  define  the  damage  flux. 

Another  problem  encountered  in  our  experiment  was  that  due  to 
the  unstable  resonator  cavity  co:il.gu.'ation,  the  transverse  mode  output 
cf  the  DF  laser  was  an  annular  ring  in  the  near  field  [14^.  Only  in  the 
far  field,  about  10  meters  away  from  the  DF  laser,  would  the  mode  con- 
sist of  a near-diffraction  limited  central  spot  plus  a series  of  weak 
secondary  annular  rings.  The  experiment  in  this  work  was  located  in 
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I'  i^uro  10.  l ypical  oscillosropi'  fr.uos  for  bulk  rlamajic  in  >SrF^  Hvio  to 
OF'  laser  liylit,  1 he  upper  trace  is  the  incident  pulse  wave- 
form anfl  the  lower  trace  is  tfie  transmitted  pulse  waveform. 
When  dama(;('  occurs  t h»'  transmitted  pvilse  waveform  is 
attenuated. 
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the  near  field  of  the  DF  laser  output  because  of  limited  laboratory  space. 

As  a result  of  placing  a focusing  lens  in  the  near  field,  the  determination 
of  the  focal  spot  diameter  was  more  nontrivial  than  in  other  circumatances. 

Three  different  approaches  were  used  to  estimate  the  focal  spot 
diameter  of  the  DF  laser  beam  when  focused  by  a 3.  58  cm  focal  length 
lens.  The  results  of  these  three  approaches  which  agree  very  well  with 
each  other  are  summarized  in  Table  VTII.  In  the  first  approach,  the  burn 
patterns  produced  by  the  focused  DF  laser  beam  on  an  anodized  aluminum 

Table  VIII.  Determination  of  Focal  Spot  Diameter  for  DF  Laser 


and  3.  58  cm  Focal  Length  Lens 


1. 

By  burn  on  anodized  aluminum 

130  pm 

2. 

By  scanning  23  cm  focal  length  lens  focal  spot  and 
scaling  according  to  the  ratio  of  focal  lengths 

118 

3. 

By  diameter  of  region  of  surface  damage  showing 
interference  "ripples" 

< 1 50 

block  were  measured.  The  laser  energy  was  varied  until  the  size  of  the 
burn  pattern  became  constant  but  before  massive  disruption  occurred. 
Using  this  definition  of  the  measured  focal  spot  diameter  we  obtained  a 
value  of  130  |am.  In  the  second  approach,  a small  pin-hole  of  35  pm  in 
diameter  was  used  to  scan  the  focus  of  a long  focal-length  lens.  The 
focus  of  the  3.8  cm  focal  length  lens  was  not  scanned  because  the  focused 
laser  beam  readily  damaged  the  pin  hole.  Instead,  we  scanned  the  focus 
of  a long  focal-length  lens  (f=23  cm)  and  scaled  the  result  to  the  short 
lens  according  to  its  focal  length.  The  expected  Gaussian  spatial  profile 
of  the  focused  beam  was  observed  at  the  focus  of  the  long  focal-length 
lens.  The  result  of  scaling  to  the  short  focal-length  lens  gave  118  pm 
for  the  diameter  at  the  1/e  points  of  intensity.  In  the  third  approach, 
we  measured  the  diameter  of  a surface  damage  site  showing  interference 
ripples  l1  5].  These  ripples  are  produced  when  dust  particles,  defects 
or  inclusions,  at  or  near  the  surface  scatter  light  which  then  interferes 
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with  the  incident  light.  The  resulting  Interference  pattern  is  seen  in 
the  damaged  material  only  in  the  region  directly  exposed  to  the  incident 
beam.  The  parts  of  tfe  damage  sites  showing  interference  ripples  were 
found  to  be  less  than  150  t-m  in  diameter.  This  observation  is  illustrated 
in  the  micrographs  shown  in  Fig.  11. 

i 3.  Damage  in  the  2-5  ,.-m  Optical  Materials 

Several  types  of  damage  morphology  were  observed  on  both  the 
i entrance  and  exit  surfaces  of  the  tested  samples.  Figure  11  is  a micro- 

I gfaph  of  a damage  site  located  at  the  ex.t  surface  of  a SrF^  crystal. 

INomarski  illumination  was  used  to  obtain  the  micrographs  presented  in 
this  section.)  The  central  region  in  Fig.  11  contains  interference  ripples 
' and  is  the  area  directly  irradiated  by  the  DF  laser  pulse.  The  diam.eter 

of  this  region  in  which  the  damaging  interaction  took  place  is  =»  1 50  pim. 

The  extended  area  showing  massive  disruption  results  from  the  response 
of  the  medium  to  the  violent  Interaction  that  took  place  in  the  irradiated 
area. 

Almost  all  damage  sites  on  the  surfaces  of  the  alkaline -earth 
fluorides  show  aligned  cracks  corresponding  to  the  cleavage  planes  of 
the  crystals.  Figure  12  shows  a damage  site  at  the  entrance  surface  of 
a CaF^  crystal.  A distinctive  family  of  aligned  cracks  can  be  seen 
oriented  in  a preferred  direction  within  the  site.  However,  on  the  same 
crystal,  another  damage  site  shows  two  sets  of  cracks  having  two  dif- 
» ferent  orientations  as  seen  in  Fig.  13.  The  dividing  line  which  we  thought 

was  a polishing  scratch  is  actually  the  edge  of  a twin  plane.  On  one  side 
I of  the  edge,  the  cracks  are  oriented  with  respect  to  the  cleavage  plane  of 

] one  twin  and  on  the  other  side,  tl..,v  -re  oriented  according  to  the  cleavage 

plane  of  the  other  twin.  For  a \IgF^  crystal,  which  has  no  well  dei'.ned 
cleavage  plane,  no  oriented  cracks  were  observed  as  shown  in  Fig.  14. 

A Ithoutrli  no  pictures  are  available  to  show  the  bulk  damage  ttior- 
I phology,  we  observed  that  for  most  of  the  fluoride  materials,  t.he  damage 
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Figure  13.  Nomarski  micrographs  of  entrance  surface  damage  to  the 
same  CaF2  crystal  as  in  figure  12.  The  enlarged  picture 
shows  clearly  the  edge  of  a twin  plane  which  divides  two 
sets  of  aligned  cracks. 


I 
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igure  14.  Nomarski  micrographs  of  entrance  surface  damage  to  a 
MgG^  single  crystal.  No  aligned  cracks  are  observed  in 
this  case  since  MgF^  has  no  well  defined  cleavage  planes. 
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site  locations  varied  along  the  axis  of  the  Incident  laser  beam.  This 
suggests  that  the  damage  mechanism  in  the  samples  that  we  have  studied 
is  determined  by  the  presence  of  defects  or  inclusions. 

I Several  important  physical  properties  of  the  2-5  ^.im  m.aterials 

I which  we  studied  are  listed  in  Table  IX.  In  general,  the  alka line -earth 


Table  IX. 

Some  Properties  of  Potentially 

Useful  2-5  L_m 

Materials 

Index  of 
R efraction 
n 

Average  Sample's 
Absorptivity^ 
p ( cm  ^ ) 

Knoop 
Ha  rdne  s s 

Melting 

Point 

°C 

A Ikaline  - 
Earth 
Fluor ide  s 

MgF^ 

1.  355 

1 

o 

X 

00 

415 

12  5 5 

CaF^ 

1.41 

~ 3.  5 X lO'"^ 

120 

1395 

SrF^ 

1.41 

~ 6 X 1 0 

130 

1450 

BaF^ 

1. 457 

~ 18.  5 X 10“^ 

6 5 

13  5 5 

A Ikali- 
Halides 

LiF 

1.  353 

25.  5x10'^ 

102 

844 

NaF 

1.  31 

5. 2 X 10"^ 

60 

1012 

NaCl 

1.  52 

4.  2 x lO'^^ 

18 

801 

-ALO, 
2 3 

1. 68 

4x10'^ 

~ 1700 

2040 

These  values  are  taken  from  references  [l6j  and  [l7]. 


fluorides  have  absorption  coefficients  of  ~10  cm  . On  the  other  hand 
the  absorption  of  sapphire  is  two  orders  of  magnitude  higher  than  that  of 
the  alkaline-earth  fluorides. 

If  damage  in  these  samples  is  determined  by  the  presence  of 
defects  or  inclusions,  one  might  expect  low  damage  threshold  to  cor- 
relate with  high  scattering  at  the  laser  wavelength.  Therefore,  we 
measured  the  total  scattering  for  these  samples  at  four  different 
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wavelengths  including  3.  39  which  is  sufficiently  close  to  the  DF 
laser  wavelength  (~3.  8 um)  to  permit  a comparison  of  scattering  and 
damage.  The  results  of  our  scattering  measurem.ents  are  given  in 
Table  X. 

4.  Results  of  Damage  Threshold  Measurements 
The  bulk  damage  thresholds  for  the  m:aterials  we  studied  are 
listed  in  Table  XL  Only  single  shot  on  single  site  testing  is  reported. 

Table  XI.  Threshold  for  Bulk  Laser  Irradiation  Induced  Damage 
( DF  laser  light,  X = 3.  8 ujn) 


Material 


I (GW/cm  )* 
B 


R = I /I  (NaCl) 

tS  D 


^ MgF^ 

18.  5 

1.19 

CaF 

25.  5 

1.65 

-L 

28.  5 

1. 84 

BaF^ 

27.  5 

1. 77 

T LiF 

20.  0 

1.  29 

XaF 

>30.0 

> 1. 94 

NaCl 

15.  5 

1. 00 

A1  O, 

25 

1.61 

* This  table  gives  peak  intensity  on  axis  at  the  threshold  for  damage. 

These  materials  had  nonuniform  damage  thresholds  possible  due 
to  inclusions. 


For  the  interest  of  the  readers,  we  also  include  ihe  ratio  of  damage 
thresholds  for  different  materials  normalized  to  that  of  NaCl.  All  the 
samples  were  obtained  from  commercial  sources  and  were  specified  as 
having  ' high-power  laser  finisnes. 

The  measured  bulk  damage  thresholds  do  .not  correlate  with  the 
total  scatteri.ng  w^ich  we  measured.  On  the  basis  of  visual  observation 
we  conclude  that  most  of  the  scattering  was  caused  by  the  inadequate 
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quality  of  the  surface  finishes.  In  fact,  surface  damage  threshold  for 
these  samples  was  5 to  10  times  lower  than  the  bulk  damage  threshold, 
and  was  determ.ined  by  the  low  quallb,’  of  the  surface  finishes.  It  is  for 
this  reason  that  we  do  not  list  the  surface  dam.age  fluxes. 


D.  Summary  of  Pulsed  Laser  Damage  Thresholds  for  Infrared 
Windows  and  Coatings 

It  is  now  possible  to  summ.arize  the  observed  laser  dam.age  thresh- 
olds with  num.erlcal  values  that  are  generally  accepted  and  wmch  can 
serve  as  guides  to  the  high  power  laser  system,  designer.  Table  XII 
presents  an  overall  summary  of  current  data  while  Tables  XIII,  XIV, 
and  XV  give  more  detailed  summaries  for  1 0.  6 urn  transm  iss  i've  materials, 
2-5  p.m  transmissive  materials  and  several  coatings,  respectively.  Note 
that  the  data  in  Table  XIII  shows  the  strong  sample  to  sample  variability 
still  found  even  in  today's  so-called  best  materials. 

Table  XII.  Composite  Summary  of  Pulse  Laser  Dam.age  Thresholds 


.i  halides, 

bulk  damage: 

NaCl 

~10  GW/cm^ 

at  10.6 

um: 

Intrinsic 

KCl 

~7-8  GW/cm^ 

at  10.  6 

um: 

Intr ins  ic 

NaF 

~17  GW/cm^ 

at  10.6 

um: 

Intrinsic 

surface  damage: 

A.  Generally  ~l/5  to  1/10  of  the  bulk  damage  num.ber. 

B.  For  certain  etched  surfaces,  can  be  as  high  as  the  bulk; 
however,  etching  sacrifices  figure. 

2 

2.  ZnSe  bulk  and  surface  damage  at  10.6  pm  occur s at~0.4GV./cm 

3.  Alkaline-earth  fluorides.  damage: 

Cap,  ~25  GW/'cm“  at  DF  wavelengths  (~3.  8 um.) 

SrF  ~28  GW/cm’  at  DF  wavelengths  (~3.  8 ...m.i 

BaF',  ~27  GW/cm“  at  DF  wavelengths  (~3.  8 uml 

4.  .Sapphire  (Al^O^)  ~25  GW/cm“  at  3.8  uni. 

5.  Coatings  at  10.6  um  typically  damage  .at  ~0.  4 GW ''em  . 


Table  XIV.  Pulse  Laser  Induced  D.iuiage  Thresholds  at  !L  f 

for  Il\  Window  Materials 

_ ( T rails  pa  retit  at  8 iJin)  (Pulse  duration  ~ 7 5 ns 

On  Axis  Peak  I’ower  Density  in  OW/cin^ 
Material  Bulk  Damage  Surface  Damage 

1 on  1 N on  1 1 on  1 N on  1 


K (am  ( D 1-  la  s e 
sec) 


Alkaline  earth 
fluorides: 


Alkali- ha  lidos: 


Others: 

A1  O, 
2 3 


20.  0 
>80.  0 
18.8 


To  date  all  surface 
finishes  on  these 
materials  were 
so  poor  that  sur- 
face damage 
occurred  at  less 
t han  1/10  the  bulk 
th res  hold. 


I'ossible 
Mocha  n i srii 


Inclusions 

Inclusions  - 
intrinsic? 

Inclusions  - 
intrinsic'’ 

Inclusions  - 
intrinsic? 


Inc  1 us  io:i 
Int  r i ns i c 
Intr ins ic 


Inclusions  - 
intrinsic'’ 


Table  XV.  Pulse  Laser  Damage  'I'hreshold  at  10.  fi  pm 
for  Optica!  Coalings 


Pul  se 


On  Axis  Peak 


Reflectivity  Coating  Components  Substrate  Duration  Power  Dc-nsily, 


Dielectric 

ThF  //nSe 
4 

A g-  Mo 

0.  1 

0.  280 

enhanced 

1.0 

0.  308 

maximum 

4.0 

0.  043 

reflection 

0.  0 

0.  0 LI 

Anti- 

CeP 

KCl 

0.  1 

0.  3S 

reflect  ion 

KCl 

7n.S 

0.  1 

0.  4 0 

Ce  F-’^//nS 

KCl 

0.  1 

0.  1 4 

- - - 

7nSe 

KCl 

0.  1 

0.  88 

A nti  - 

/ nSe  /'I'll  V V nSe 
'/  n.Se  / L ( 1 / / nSi- 

KCl 

0,  1 

0.  17 

reflect  ion 

i;ci 

0.  1 

0.  8.’ 
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E.  CW  Damage  to  Optical  Coatings  - Comparison  with  Pulse 
Damage  Thresholds 

At  the  request  of  the  HR  L coatings  group  we  tested  several  coat- 
ings to  find  CW  laser  damage  thresholds.  A 40  W.  CW  CO ^ laser  was 
used.  The  TEM^^  mode  beam  was  focused  with  a 50  mm  focal  length 
lens  to  a spot  having  a 90  Mm  diameter  (to  the  1/e^  points  in  intensity). 

Thus,  the  maximum  peak  on-axis  intensity  we  could  develop  was  1.  3 x 

6 2 

10  W/cm  . Each  sample  was  exposed  for  10  sec  and  the  occurrence 
of  damage  was  identified  visually.  The  lased  regions  of  the  samples 
were  inspected  with  light  microscopy  after  irradiation. 

Coating  B109RF-2  (ZnSe /ThF/ ZnSe ) was  badly  crazed  and  dam- 
aged easily  at  0.58  MW/cm  . A very  small  area  of  sam.ple  45-BFl 
1 ZnSe/ThF/ZnSe ) could  be  damaged  at  maximum  irradiation  and  B142B2 
( Z nSe  / K C 1 / Z nSe  ) and  Bll-10  (single  ZnSe  layer)  showed  no  damage  in 
our  tests. 

Figure  15  shows  two  micrographs  of  the  ZnSe  coating  (Bll-10). 

The  crazing  is  on  a different  scale  from  that  in  Fig.  7 for  a 3 layer  .A  R 
coating.  Also  note  that  the  phase  contrast  micrograph  shows  the  presence 
of  defects  which  do  not  appear  with  bright  field  illumination.  It  is  possible 
that  these  defects  which  do  not  absorb  in  the  visible  (ie:  do  not  appear 
with  bright  field  illumination)  may  absorb  in  the  infrared  and  thus  con- 
tribute to  the  pulse  damage  mechanism. 

Figure  16  shows  a pulsed  and  a CW  laser  damage  site  on  the 
same  coating  (B1  09  RF2).  Though  this  coating  was  badly  crazed  an 
examination  of  these  sites  is  worthwhile.  Both  damage  site  diameter;' 
correspond  closely  to  the  focused  laser  beam  diameter  suggesting  that 
they  represent  near  threshold  “vents.  However,  more  of  the  coating  has 
been  removed  in  the  CW'  case.  The  off  center  site  witi'.in  the  pulsed  laser 
damaged  area  is  indicative'  oi  the  role  of  defects  in  pulsed  datt'.age.  For 

these  sites,  CW'  damage  occurred  with  a 10.»-  .jr:  irradiance  of  0.  =h 

2 ■>  - 
MW'/cm  for  10  sec  while  pulse  damage  required  -500  \:',V''cm"  for  lb"' 
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sec. 


PHASE  CONTRAST 
ILLUMINATION 


BRIGHT  FIELD 
ILLUMINATION 


Comparison  of  brightfield  and  phaso  contrast  illumination 
microf^raphs.  Crazing  is  present  as  well  as  defects  which 
are  not  obvious  in  brightfield  illumination. 


PULSED  LASER 
DAMAGE 


CW  LASER 


100/ixm  DAMAGE 


■’uIsfH  and  CW  H’.  uui  I.im  r daniapc  to  a / nSo  / 'I'h  X nSo 
nti  - rcflf'i  t ion  <'oatin)>  on  K(  1. 


F.  Data  Acquisition  System  and  Survival  Curve  Technique  for 
Identifying  Pulsed  Laser  Damage  Mechanisms 

Because  of  the  large  quantity  of  data  necessary  for  survival  curve 
analyses  of  the  laser  damage  m.echanisms,  a data  acquisition  system  was 
requested  for  this  program.  Due  to  delays  in  funding,  the  data  acquisition 
equipment  was  not  ordered  until  late  in  the  program.  Therefore  it  did 
not  arrive  until  mid-summer  1976.  Our  attempt  to  obtain  identification 
of  10.6  L.m  damage  mechanisms  by  using  survival  curve  analyses  will 
therefore  occur  in  the  future. 

As  evidenced  by  Fig.  17,  the  modulator  and  associated  circuitry 
which  we  developed  to  obtain  the  necessary  laser  pulse  waveform,  was 
operational  during  this  program.  One  set  of  data,  in  the  form  of  over 
400  photographs  such  as  the  one  shown  in  Fig.  18,  was  taken  for  survival 
curve  analysis  of  ZnSe.  This  data  was  taken  at  one  flux  level  and  so  can 
not  give  a complete  idea  of  the  damage  process.  When  more  data  is 
available  we  shall  analyze  it  all  to  try  to  identify  the  damage  process. 
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Figure  18.  Oscilloscope  photograph  of  transmitted  (upper  trace)  and 
input  (lower  trace)  pulse  waveforms  required  for  survival 
mechanisms.  Sample  was  7nSe. 
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IV.  NON-CATASTROPHIC  OPTICS  DEGRADATION 
(R.  Joiner,  C.P.  Christensen,  W.H.  Steier,  J.H.  Marburger,  M.  Flannery) 


A.  Thermal  Lensing 

In  an  earlier  report  il8_,  we  showed  the  results  of  far  field  intensity 
scans  for  an  initially  Gaussian  10.6  ^..m  beam  passing  through  a highly 
absorbing  (3  = 0.  2 cm  ) CdTe  window.  The  experiment  was  carefully 
characterized  in  order  to  make  a quantitative  comparison  with  theory 
and  computer  predictions.  The  results  were  in  good  agreement. 

B.  Strain-optic  Coefficient  Measurements 

In  the  same  report,  we  presented  an  acousto-optic  technique 

sometimes  referred  to  as  "The  Dixon  Method"  for  measuring  strain- 

optic  coefficients  (P..)  in  window  materials  [19"'.  All  three  independent 

ij 

coefficients,  P,  , , P,  P,  were  measured  for  both  CdTe  and  GaAs 
11  12  14 

at  10.6  |jm.  Theoretical  values  were  available  for  GaAs,  and  a compari- 
son showed  good  agreement  for  P and  P but  not  in  the  case  of  P . 

11  14  12 

C.  Strong  Variations  in  Stress-Induced  Birefringence  in  BaF^ 

Due  to  Crystal  Orientation 

In  an  attempt  to  verify  experimentally  the  theory  of  stres  s - induced 
birefringence  for  a (111)  oriented  crystal,  it  was  discovered  that  the 
effect  could  be  greatly  enhanced  or  practically  nulled,  depending  on  the 
crystal  orientation. 

Figure  19  shows  the  experimental  set-up.  The  stresses  are 

created  by  a 25  W CO  laser  passing  through  a 1 cm  by  2 in.  uncoated 

^ - 1 

sample  of  BaF^  (3=0. 2cm  atiU.o  ^m).  1 ,n*h  diameter  colli- 
mated linear  polarized  HeNe  beam  was  ” ' . • obe  beam.  The 

stres  s - induced  cross-polarization  was  ler  visually  on  a 

screen  or  electronically  by  a scanner  a . 'G  r passing  through 

a crossed  analyzer  polarizer.  Figure  2 a . ,..e  typical  cloverle.if 
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pattern  after  10  to  15  seconds  of  heating.  In  the  (111)  plane,  each  point 
can  be  thought  of  as  a waveplate  with  polarization  eigenvectors  in  the 
radial  and  azimuthal  directions  with  the  center  of  the  heating  beam  de- 
fining the  origin  of  the  cylindrical  system.  (A  more  complete  descrip- 
tion can  be  found  in  references  [20j  and  ..21]).  Hence,  the  sin  2d 

cloverleaf  pattern  simply  results  from  varying  com.ponents  E and  E 

r ^ 

of  the  incident  polarization  E . 

X 

In  an  attempt  to  verify  computer  predictions  with  experim.ental 
scans  of  the  pattern,  it  was  found  that  the  two  could  be  made  to  agree 
simply  by  a small  change  in  the  angle  of  incidence.  It  was  also  discov'ered 
that  a large  change  in  angle  of  incidence  (20°-45°)  created  an  order  of 
magnitude  change  in  intensity  and  also  rotated  the  cloverleaf  pattern. 

Fig.  21. 

In  a second  experiment,  the  crystal  was  r ' ‘ated  in  the  (111) 
plane  for  several  different  angles.  The  experimerr  of  changing  the  angle 
of  incidence  was  repeated  in  each  case  (see  Fig.  22).  In  most  cases 
the  intensity  increased  and  the  pattern  rotated  by  the  different  amounts. 
However,  in  one  particular  case,  as  the  angle  of  incidence  was  increased, 
the  intensity  decreased  almost  to  a null,  then  Increased  in  intensity 
again . 

The  last  experiment  was  to  set  the  angle  of  incidence  to  this  null 
and  rotate  the  sample  in  the  plane  of  the  sample  ( (111)).  Three  nulls 
were  discovered,  120°  apart,  as  would  be  expected,  since  the  (111)  direc- 
tion is  a threefold  symmetry  axis.  The  pattern  was  also  observed  to 
rotate  with  the  rotation  of  the  sample. 

A theoretical  investigation  •■he  observed  phenomena  is  nearly 
complete.  Since  Ba  F is  elastically  almost  isotrooic  (S  '2(S,  -5,  , i - 0. 

the  solution  of  the  stress-strain  problem  for  the  (111'  case  is  valid  for 
all  crystal  direction.s.  The  high  degree  of  anisotrophy  is  found  in  th<; 
fourth  rank  a tensor  relating  stress  to  index  change.  An  expression  for 
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cr  angles  describing  tilt  and  ro 


the  cr  os  s - polar  izatlon  term  Is  given  by 


E (L)  = je^'^  sin(  ^ n^L  \/( 


AB  - ^ (2J:E  )^  ) 

r r 'y'j  r’.' 


[lA  B 


- AB  ^ sin  2i  + (2AB  ) cos  2;]  E 
'll  ■;  r-i-  X 

\/~(t 


(0) 


m 


B - ab  r 

rr  •!/  V 

A n 

where  AB  = -2  — = no  . 

n 


,B  )■ 

rv 


In  the  (111)  plane,  the  cross  term  AB  is  equal  to  zero  and  Equation  1 
simplifies  to 

E (L)  = je^^  sin  (k/2  n^L  (AB  - AB  ) ) sin  2(; . 
y rr  w 

The  presence  of  a non-zero  cross  term  explains  the  rotation  of  the 

patte  rn.  The  newn..'s  will  be  a linear  combination  of  all  the  old  r . . ' s 
U 'J 

in  the  (111)  system.  In  that  system,  onlyrr^j  andn'l^  had  any  angular 

dependence.  Derivatives  with  respect  to  angle  give  cos  30  and  sin  3u 

which  is  consistent  with  the  nulls  being  120°  apart. 

The  existence  of  special  window  orientations  in  which  the  cross 

polarized  components  of  the  exit  beam  polarization  nearly  vanishes 

suggests  that  the  deleterious  effects  of  strain-induced  birefringence  can 

be  diminished  by  appropriate  choice  of  crystal  orientation  and  beam. 

polarization.  This  point  is  discussed  further  in  section  IV.  D. 
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IV.  D.  Theory  of  Thermally  Induced  Birefringence  in  Polycrystalline 
Media 

During  this  contract,  we  have  developed  a theory  of  stres  s - induced 

birefringence  in  polycrystalline  media  when  the  individual  crystal  size  is 

much  less  than  a wavelength.  This  theory,  which  is  described  in  references 

L22j  and  [23^,  gives  expressions  for  the  two  Independent  elem.ents 

and  PT-  of  the  effective  isotropic  strain  ootic  tensor  Pf'  when  the  single 
12  ■ 11 

crystal  has  cubic  symmetry.  Using  these  expressions,  we  com.puted  the 
birefringence  induced  in  a window  by  a circularly  symmetric  incident 
beam.  That  is,  we  computed  the  phase  difference  introduced  locally  be- 
tween the  radial  and  azimuthal  polarization  com.ponents  of  t.he  incident 
beam  as  it  propagates  through  the  window.  The  magnitude  of  this  phase 
difference  is  proportional  to  a material  parameter  (called  F/.A  in  refer- 
ence i.24])  involving  the  elastic  and  piezo  elastic  tensor  elem.ents  of  the 
window  material.  We  found  that  previous  estimates  of  this  parameter 
obtained  by  inserting  the  crystalline  values  of  P^  ^ and  Pj  , into  the  expres- 
sion appropriate  for  an  isotropic  medium  predict  roughly  the  correct 
order  of  magnitude  but  frequently  the  wrong  sign.  Of  greater  interest  is 
a comparison  between  the  correct  polycrystalline  result  and  the  exact 
result  for  a single  crystal  window  with  (1111  orientation  [^24'.  This  com.- 
parison  showed  that  birefringence  effects  are  reduced  by  about  one  order 
of  magnitude  in  going  from  the  (111)  single  crystal  case  to  the  ideal  poly- 
crystalline  case. 

The  important  question  next  to  be  resolved  is,  can  a non-ideal 
polycrystal  reduce  the  birefr ingence  effects  even  further'*  We  are  en- 
couraged in  thinking  so  by  v.vo  fa  ■ r.e  theoretical  and  one  experimental. 
The  theoretical  point  is  that  t.-.e  sign  of  opposite  that  of 

P*j-P*,  for  the  important  'P  . dow  materiU.s  KCT.  KPr,  CaF.,  and 
BaF^.  By  or'enU;;,,  the  grains  of  a polycrystal  pi  eferenti.illy  along  s(  tne 
axis  'not  a 111  axis)  it  may  be  possible  to  reduce  the  it.aanitude  of 


where  P..  plays  the  role  in  the  partially  oriented  polycrysta! 
that  P*  does  in  the  ideal  polycrystal,  '.Ve  have  been  trying  to  carrv 

ij  _ 

through  a computation  of  P, . for  a partially  oriented  polycrystal,  but 
have  not  been  able  to  make  much  progress.  In  order  to  obtain  analyti- 
cally tractable  starting  equations  it  looks  as  if  it  will  be  necessary  to 
put  up  with  a theory  less  accurate  than  that  which  W'as  used  for  computing 
P*  for  the  ideal  polycrystal. 

The  encouraging  experimental  fact  is  the  observation, 
described  in  section  I\'.C,  that  birefringence  effects  in  a 111  single 
crvstal  window  are  diminished  in  off-axis  propagation  of  a plane  polarized 
incident  beam.  This  suggests  that  a single  window  aligned  in  som.e  plane 
other  than  (111)  will  have  reduced  birefringence  effects  for  a certain 
polarization  direction  of  the  incident  beam.  One  would  expect  a poly- 
crystalline  window  to  exhibit  reduced  thermal  birefringence  if  its  grains 
possessed  a mean  orientation  in  the  direction  corresponding  to  the  single 
crystal  w'indow  orientation  which  gives  minimum  birefringence. 

We  are  struggling  to  make  these  speculations  quantitative.  The 
theory  of  non-ideal  polycrystals,  however,  is  in  a primiitive  state  of 
development,  and  it  is  likely  that  only  experiments  relating  polycrystal 
texture  to  induced  birefringence  can  give  credible  indications  of  the 
feasibility  of  this  birefringence  reduction  scheme. 


V.  CONCLUSIONS 


The  conclusions  of  the  work  described  in  this  report  are  presented 
below  where  they  are  categorized  as  is  the  work  in  the  text: 


A.  Defects  in  ZnSe 

High  temperature  measurements  of  the  Hall  effect  and  the  con- 
ductivity of  single  crystals  of  ZnSe  doped  with  a donor  lAl)  or  an  acceptor 
(As)  showed  the  electron  concentrations  to  be  proportional  to  the  square 
root  of  zinc  pressure,  donor  concentration,  and  inverse  acceptor  con- 
centration. The  electron  concentration  of  constant  zinc  pressure  and 
doping  concentration  increased  with  increasing  tem.perature  in  donor- 
doped  samples,  but  decreased  with  increasing  temperature  in  acceptor 
doped  samples.  Through  a combination  of  the  present  results  with  those 
of  other  workers,  a defect  model  can  be  developed  which  is  governed  by 
ionic  defects  due  to  ionized  dopants  and  native  defects  such  as 

V'  or  Zn"  . We  also  determined  the  parameters  of  the  ionic  disorder 
O i 

constants  K"  or  K"  . However,  experiments  on  gallium  doped  ZnSe 
S H 

failed  to  explain  the  observed  promotion  of  hole  conduction  by  incorpora- 
tion of  gallium.  This  dopant  is  usually  believed  to  be  a donor. 

Annealing  Ca-doped  ZnSe  (100  ppm  Ga)  at  700*^0  under  various 
Zn-partial  pressures  in  the  range  of  10  ^ to  1 0 ^ atmos.  was  found  to 
induce  noticeable  changes  in  the  defect  substructure.  On  increasing  the 
partial  pressure,  at  ~3  x 10'“  the  microstructure  revealed  the 

formation  of  a moderately  high  density  of  unfaulted  prismatic  loops 
lying  on  the  (110)  and  (111)  planes.  These  loops  have  been  identified  by 
image  contrast  analyses  to  be  due  to  the  condensation  of  excess  Zn  and 
also  by  Se  vacancies.  At  s*iil  hicher  Zn-partial  pressures  the  loop  con- 
centration decreased  drastically  and  only  the  presence  of  son'.e  unidentitir 
precipitate  was  observed.  Preliminary  analysis  shows  that  some  cor- 
relation exi-L.s  between  the  annealing  induced  changes  in  the  carrier 


I 


concentration  of  this  sample  and  the  changes  in  defect  structure  observed 
in  the  electron  microscope. 

B.  Pulsed  Laser  Induced  Dam.age 

Our  results  indicate  that  the  damage  threshold  depends  on  the 
manner  of  irradiation  as  shown  by  the  N on  1 and  1 on  1 experiments. 

This  effect  appears  to  be  caused  by  the  presence  of  inclusions  or  defects 
in  the  materials.  When  inclusions  or  defects  are  present  the  damage 
threshold  is  dependent  upon  the  particular  sample  studied  and  the  volum.e 
of  the  site  irradiated.  A thorough  study  of  a material  m.ust  necessarily 
include  measurem.ents  of  several  samples.  Various  focal  spot  sizes 
should  be  used  with  the  intrinsic  breakdown  limit  being  approached  for 
very  small  spot  sizes. 

Pulse  laser  damage  at  10.6  iUm  to  three  layer  A-R  films  on  KCl 

2 

substrates  occurs  at  ~450  \IW/cm  and  appears  to  be  determ.ined  by 
inclusions  or  defects.  When  these  films  were  exposed  to  a focused  CW 
10.6  pim  catastrophic  failure  occurred  at~l  MW/cm^  in  some  areas. 
However,  most  of  the  films  we  tested  could  withstand  a flux  of  1 . 3 MW  cm 
for  10  sec. 

The  alkaline-earth  fluorides  tested  in  this  work  have  very  siniilar 

2 

bulk  damage  thresholds  i~25  GW/cm''  at  3.8  ium)  and  the  site  morphology 
suggests  that  inclusions  or  defects  were  responsible  for  the  dam.aging 
interaction.  The  surface  damage  thresholds  for  these  satr.ples  were  much 
lower  than  the  bulk  damage  thresholds.  This  can  be  attributed  to  poor 
surface  finish  quality  and  leads  us  to  recommend  that  improved  polish- 
ing techniques  be  developed  in  order  to  make  these  materials  applicable 
to  high  power  laser  systems. 

We  also  found  that  sapphire  has  a very  iiigh  bulk  damag-'  thr  es  liol  i. 


26  GW,  cm'"  at  ?.  S i„m.  Since  sapphire  is  mechanically  strong  and  i-aadiK 
available  in  large  pieces,  it  should  be  considered  for  use  in  the  2-'  „m 
region. 


C.  Non  Catastrophic  Optics  Failure 

The  theory  of  thermal  leasing  without  birefringence  effects 
appears  to  predict  accurately  and  quantitatively  the  experimental  results 
observed  at  10.6  um.  The  measured  strain-optic  coefficients  of  CdTe 
and  GaA  s at  1 0.  6 um  agree  well  with  the  theory  in  the  case  of  ^ and 
^14  show  a large  disagreement  for  Pj,-  We  found  the  st  res  s - induced 
birefringence  in  certain  window  materials  to  be  a strong  function  of  the 
direction  of  propagation  through  the  crystal,  and  the  effect  can  be  mini- 
mized with  the  proper  choice  of  direction.  This  would  indicate  a pre- 
ferred orientation  for  the  crystallites  in  polycrystalline-forged  materials 
and  that  polycrystals  can  be  designed  in  which  st  res  s - induced  birefrin- 
gence is  significantly  reduced  over  single  crystals. 


VI.  RECOMMENDATIONS 

As  a result  of  the  work  described  in  :hls  report,  we  may  make 

the  following  recommendations: 

1.  The  lumonics  HF/DF  pulsed  laser  cavity  should  be  upgraded  with  a 
properly  designed  resonator  and  the  damage  measurements 

at  3.8  um  should  be  checked.  Measurements  at  2.8  ...m  should  be 
taken. 

2.  Techniques  for  damage  resistant  surface  finishing  of  2-5  ^.m  optical 
materials  should  be  developed. 

3.  The  studies  of  laser  damage  mechanisms  using  the  survival  curve 
technique  should  be  completed. 

4.  Damage  thresholds  for  10.6  (am  optical  coatings  should  be  determined 
and,  if  possible,  the  survival  curve  technique  used  to  identify  the 
damage  mechanism. 

5.  The  implications  of  the  difference  between  thresholds  measured 
using  different  irradiation  sequences  should  be  explored. 

6.  Theoretical  analyses  concerning  the  design  of  stress -induced  bire- 
fringence-free polycrystalline  materials  should  be  carried  out. 
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Vibrational  Modes  of  Defects  in 

Zn  Cd,  Te:P  and  Mg  Cd,  Te:P 
X 1-x  X 1-x 

B.V.  Dutt  and  W.G.  Spitzer 

Departir^nts  of  Materials  Science  and  Physics 
University  of  Southern  California/  Los  Angeles  / California  ^icccy 

Abstract 

Infrared  absorption  measurements  of  phcsphor\as  de- 
fects in  Zn  Cd  Te:P  and  Mg  Cd,  Te:P  are  reported.  The 
X 1-x  X 1-x 

localized  vibrational  modes  of  (Zn-P)  and  (Mg-P)  pairs 
suggest  a difference  in  pairing  behavior  of  Zn  and  Mg 
with  two  P-centers  previously  noticed  in  CdTe:P.  Mag~ 
nesium  primarily  pairs  with  a neutral  phosphorus  com- 
plex, while  zinc  pairs  with  a phosphorus  substitutional 
on  Te-sublattice , a shallow  acceptor. 


A recent  study  gave  an  account  of  the  infrared  absorption  attri- 
buted to  the  localized  vibrational  modes  of  phosphorus  in  CdTe^^^, 

Three  absorption  bands  related  to  P vibrational  nodes  v;ere  obser'/ed. 

Their  peaks  occur  at  frequencies  of  269,  308  and  322  at  80°K. 

Hereafter,  these  bands  are  referred  to  as  A^,  A^  and  B respectively. 

It  vias  tentatively  proposed  that  the  three  bands  arise  from  two  dif- 
ferent phosphorus  defect  centers.  The  band,  B,  was  tentatively  as- 
signed to  the  vibrational  modes  associated  with  phosphorus  substitu- 
tional on  the  Te-sublattice , which  is  a shallow  acceptor.  Both 

the  and  A^  bands  were  proposed  to  arise  from  a neutral  phosphorus 
con5)lex  with  axial  symmetry.  These  assignments  were  based  on  the  be- 
havior of  the  bands  with  variation  of  the  P concentration,  [P]  aind  the 
pairing  effect  of  group  III  donor  inpurities  In  and  Ga  with  P in 
double-doped  CdTe. 

In  the  present  study,  the  absorption  measurements  are  extended  to 
include  the  P-doped  mixed  crystal  systems,  Zn^Cd^  ^Te:P  and 
Mg^Cd^_^Te  :P.  The  principal  objective  is  to  provide  a clecurer  iden- 
tification of  the  P-defects  in  CdTe  than  was  previously  possible.  The 
results  are  discussed  in  this  vein  to  determine  if  they  are  consistent 
with  the  prior  tentative  assignments  for  the  P-bands. 

The  ZnTe  and  MgTe  are  known  to  form  binary  alloys  with  CdTe.  The 

lattice  vibrational  spectra  of  both  2n  Cd,  Te  and  Mg  Cd,  To  show  t.he 

X 1-x  X 1-x 

(2  3) 

"two-mode"  type  of  behavior  in  the  reststreihlen  region  ' . For  snail 

-1  (2) 

values  of  x the  Zn  produces  a mode  near  v ~ 166  cm  at  room  temperature 

Since  tiie  zone  center  optical  mode  frequencies  for  CdTe  are  =170  cm 

and  V w 141cm  \ the  Zn-mode  is  an  in-band  resonance  an  i it  is  well 
TO  J 

removed  from  the  frequency  range  where  the  P-related  modes  occur  in  CdTe. 


2- A 


The  Mg  is  a light  impurity  in  CdTe  u.-i  at  snail  x it  gives  rise  to  one 
localized  vibrational  mode  for  each  ot  the  three  principal  Mg  isotopes. 

The  frequencies  arc  in  the  vicinity  of  2b0  cn  ^ close  to  the  P-related 
bands . 

The  range  of  comoosition  of  the  mixed  crystals  Zn  Cd  Te;P  a.nd 

X 1-x 

21  - 3 

"g^Cd^_^Te:P  studied  here  was  limited  to  x < 0.20  (4  x 10  c.m  ) for 
Zn  and  ^ 0.05  (lx  10^  ^cm  for  Mg  while  the  [P]  < 5 x lO^^cn  The 
crystal  growth  was  by  the  horizonal  Eridgma.n  mt'thod  and  the  technique 
was  similar  to  that  described  previous ly ^ . The  starting  materials 
were  6N  purity  Cd,Te,  Zn  or  Mg  in  ttie  desired  stoichioiretric  ratio. 

The  P was  added  in  elemental  form  or  in  the  form  of  *-“3^2’  cases, 

the  ingots  v;ere  well-conpensated  in  the  as-grown  state.  Ihe  impurity 
concentrations  given  here  are  not  well  established  as  they  are  estimated 
from  the  amounts  added  to  the  melt  and  the  available  segregation  coef- 
ficient information^^  However,  the  observations  made  here  require  only 
coit^iarisons  of  the  relative  doping  levels  and  in  many  cases  only  order 
of  magnitude  values  are  of  significance.  In  the  Figs.  1 to  4,  it  will 
also  be  noticed  that  the  doping  efficiency  of  P is  improved  in  the  mixed 
alloys  for  x ^ 0,  than  in  CdTe.  This  is  probably  due  to  the  reduced 
activity  of  P in  the  presence  of  Mg  or  Zn.  Thererore,  determination  of 
precise  impurity  concentrations  was  not  found  to  be  essential  for  the 
discussions  presented  here.  The  optical  data  were  obtained  from  dif- 
ferential transmission  measurements  at  eO’K  from  V = 220  to  390  cm  ^ 

which  encompasses  the  infrared  reg^  m which  the  P-rvl  ated  localized  vibra- 
tional mode  absorption  bands  occur.  ail  cases,  an  undoped  low  absorption 
CdTe  crystal  of  thickness,  d,  equal  to  th.it  of  the  doped  sample  w.is  used  as 


reference.  The  absorption  coefficient  was  obtained  froin  the  rnea.surod  diffe 
-Od 


dift 


f ,r  all  ..ampb'S, 


i.isu;.'.;.  ; t.'-.a  iLtterence  in 


tr^insmiss  ion , T 


reflectivity  between  the  Scunple  and  the  reference  as  negligible 


(A)  2n  Cd,  Te:P 
X 1-x 

Figure  1 shows  the  absorption  spectra  of  a series  of  Zn  Cd  Te.-P 

X 1-x 

19  -3 

samples,  where  [P]  is  kept  constant  at  ~ 5 x 10  cm  and  x is  varied 
from  0 to  0.20.  As  [Zn]  is  increased,  several  new  bands  appear  in  addi- 
tion to  the  P-bands  ® present  in  x = 0 sar^ile.  Two  major 

features  are  the  growth  of  the  A^-band  at  308cm  ^ and  the  appearance  of 

a band  near  343cm  The  strong  B-band  of  P decreases  with  increasing 

Te 

X and  hais  disappeared  by  x = 0.20,  while  the  A^-band  is  present  at  all 
X,  although  greatly  broadened.  The  band  near  332  cm  ^ appears  in  samples 
with  X > 0,  but  is  not  observed  at  x = 0.05.  The  band  at  317cm  ap- 
pears in  the  x = 0.015  san^sle,  is  far  more  intense  at  x = 0.05  but  then 
decreases  with  increasing  x and  has  disappeared  at  x = 0.20.  All  of  the 
freguencies  indicated  above  are  meant  only  to  identify  the  biinds  and  are 
only  approximate  as  all  the  bands  including  A^  ,A^  and  B show  some  shift 
to  higher  frequency  as  x increases.  All  of  the  bands  including  the  new 
ones  are  P-related.  This  is  demonstrated  in  Fig.  2 where  the  strengths 
of  all  bands  decrease  when  [P]  is  reduced  for  a fixed  x = 0.05. 

A sirrple  interpretation  can  be  gi';en  for  most  of  the  major 
features  of  the  absorption  spectra  of  Fig.  1.  As  the  [Zn]  is  in- 
creased, purely  on  the  basis  of  a random  distribution  of  [Zn],  the  pro- 
bability o:  finding  a P^^  with  no  as  nearest  neighbor  would  be 

°^(l-x)  . Thijis  as  X is  increased  with  [?]  held  constant  the  B-band  of 

P_  would  be  exoected  tc  decrease  in  intensitv.  Hcvpvt  if  there  is 
Te 

preferential  pairing  of  Zn^,^  with  < the  B-band  should  decrOiise  even 
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more  rapidly.  Thus  the  reduced  strength  of  this  band  with  increasing  x 
and  its  absence  at  x = 0.20  is  apparently  due  to  the  preferential  forma- 
tion of  2n^j-P„  pairs.  A P with  -aree  Cd  , and  one  Zn  , nearest 
Cd  Te  Te  Cd  Cd 

neighbors  reduces  the  P-defect  syrmetry  from  T to  axial  C . Since  the 

d 3v 

isolated  2n^^  causes  a much  lower  frequency  resonance  mode,  an  approxi- 
mate description  of  the  effect  of  a Zn  , next  to  a P would  be  to 

Cd  Te 

split  the  triply  degenerate  band  of  the  (T^)  defect  into  two  bands, 

one  from  the  doubly  degenerate  modes  transverse  to  the  pair  axis  and 
one  from  an  axial  mode.  This  beha-/ior  has  been  observed  in  a number  of 


(4) 

similar  Ccises  in  other  systems  . Two  new  pair  beuids  are 
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therefore  expected  and  they  can  account  for  both  the  band  near  343  cm 
and  the  growth  of  the  A_-band  at  308cm  In  all  of  the  samples  of 

[ I f 

Fig.  1,  the  integrated  absorption  of  f ad\)  = j ad\>  / adv 

J A2  band-^  ^1  handJ  343  cm  band 

indicating  that  the  308cm  band  is  the  superposition  of  two  bands, 

one  being  the  original  A2~band  of  the  P-complex  and  the  other  being 

one  of  the  two  Zn^,-P_  bands.  It  is  of  interest  to  note  that  the 

and  the  part  of  the  308cm  ^ band  both  persist  to  x = 0.20 

indicating  the  stability  of  the  P-cocplex.  The  absence  of  new  split 

bands  in  the  vicinity  of  A,  and  A suggest.s  that  the  Zn  ^ does  not 

I 2 Cd 

show  preferential  pairing  with  that  part  of  the  phosphorus  present  in  the 
complex.  This  is  particularly  noteworthy  since  with  random  statistics 
and  X>0.1  such  bands  should  be  visible  if  tl\ey  are  present.  The  A^- 
bcind  at  269  ' m ^is  inhomogeneous  line  broadened  since  there  may  be  mciny 
different  weaJcly  interacting  positions  for  Zn  near  a P-complex.  An  ex- 
pl2uiation  of  the  behavior  of  the  weak  332  cm  ^ and  317  cm  ^bands  as  well 
as  the  29  7 cm  ^b..md  which  is  present  only  in  the  x = 0.2  sample  re- 
quires a more  detailed  model  than  that  used  hero.  However,  the  present 
results  do  appear  to  be  consistent  with  the  previous  interpretations  of 
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(B)  Mg  Cd,  Te:P 
X 1-x 


Figure  3 gives  the  cibsorption  soectra  of  a series  of  Mg  Cd  Te:P 

X l-.x 

19  -3 

samples  with  a constant  [P]  = 5 x 10  cm  and  0 < x < 0.05.  Fig.  4 

— 4 ■ 2^9  _3 

shows  the  results  for  a constant  x = 5 x 10  (~10  cm  ) and  [P] 

19  17-3 

~5  X 10  and  2 x 10  cm  . There  is  a good  deal  of  structure  ob- 
served. The  three  bands  near  244,  248  and  252  cm  ^ are  those  due  to  the 

26  25  24 

locali.ted  vibrational  modes  of  Mg  , , .Mg  ^ and  Mg  . Each  of 

Cd  Cd  Cd 

these  is  a T^  defect  and  the  modes  are  triply  degenerate.  These 

(2) 

inodes  have  been  reported  previously  and  it  is  apparent  from  Fig.  4 
that  they  are  independent  of  [P]  for  a given  [Mg]  and  therefore  un- 
related to  P.  They  will  i ot  be  considered  further.  The  principal 
cbseirvations  in  the  present  case  are  (a)  the  development  of  two  new 
absorption  bands  at  278  and  343cm  \ each  with  a shoulder,  (b)  the 
reduced  intensity  of  the  and  A^  bands  of  the  P-complex  and  (c)  no 
significant  change  in  intensity  of  the  B-bcind  of  P^  at  322  cm  \ 

Some  of  the  minor  features  observed  in  Figs.  3 a.nd  4 will  not  be 
considered  here. 

A coirparison  of  the  spectra  of  Figs.  3 and  4 with  the  corresponding 

spectra  of  Zn^Cd^  Figs.  1 and  2 suggests  that  the  system 

Mg  Cd  Te-.P  shows  a different  behavior  from  that  of  the  Zn  Cd  Te:P. 

X 1-x  X 1-x 

Since  there  is  no  major  change  in  intensity  of  the  B-band  of  isolated 
in  the  alloys  while  the  a;ui  bands  of  the  P-complox  decrease 

in  intensity  and  v.inish  at  x = 0.05  and  there  is  t.ie  simultaneous  deve- 
lopment of  the  new  major  b.inds  at  2 78  and  34  3cm  it  is  clear  th.jt 


1-.  interacting  primarily  with  tt.e  P-complex.  This  behavior  is  i:i 


-1 


contrast  to  that  of  Zn^^  in  which  the  only  detectable  pairing  is  with 

P_  . The  degree  of  interaction  of  Mq  , v;ith  P is  not  clear  froni  the 

data.  It  is  possible  that  the  shoulders  observed  on  the  273  and  343cn 

bands  might  be  related  to  the  formation  of  Mg  ,-P  pairs.  Thus  it  ap- 

Cd  Te 

pears  that  Zn  does  not  interact  with  the  P-complax,  but  pairs  with 
On  the  other  hand,  Mg  interacts  with  the  P-complex  and  its  pairing  with 
is  uncertain,  but  probably  less  than  similar  pairing  in  the 


x 1-x 


case.  The  absence  of  A,  end  A^  bands  in  the  Mg  Cd,  Te;?  saimle  with 

12  X 1-x 

X = 0.05  and  their  nearly  equal  strength  in  the  other  samples  is  also 
consistent  with  the  interpretation  that  these  two  ba.nds  are  from  a 
single  P-conjilex  in  CdTe. 

It  is  interesting  to  note  that  Mg  and  Zn,  both  isoelect  ronic  with  Cd, 
pair  differently  with  P in  CdTe.  This  may  be  related  to  the  fact 

(5) 

that  the  phosphorus  conroounds  of  Mg  and  Zn  have  different  structures  . 
^9^2  with  tetrahedral  coordination  while  2n^P^  has  tetragonal 

form.  In  addition,  MgTe  is  hexagonal  while  ZnTe  is  tetrahedral.  A 
clue  to  the  identity  of  the  P-cottplex  responsible  for  the  A^,  A^ 
bands  lies  in  correlating  these  differences  and  finding  a complex  which 
permits  pairing  of  Mg  and  P with  tetrahedral  coordination.  In  order  to 
explain  the  Hall  data  of  CdTe;P,  a nunber  of  defects  including  soce  P- 


One  of  the  Comdexes  is  (P  -P.) 

Cd  i 


coirplexes  were  recently  advanced 
and  it  is  attractive  in  that  it  satisfies  the  conditions  of  electrical 
rveutrality  and  it  allows  tetrahedral  coordination  with  Mg.  However, 
further  experiments  are  needed  be.uro  any  definite  conclusions  can  be 
reached. 
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FIGURE  CAPTIONS 


Figure  1 


Figure  2 


Figure  3 


Figure  4 


Zn  Cd  Te;P  Absorption  spectra  at  80°K.  x is  varied 
X 1-x 

19  -3 

keeping  [P]  »5  x 10  cm  in  all  (1)  to  (5)  samples. 

The  scale  numbers  correspond  to  the  curve  numbers. 

Zn^Cd^  ^Te:P  Absorption  spectra  at  80°K.  Constant 

X = 0.05  and  [P]  is  varied  in  sairjj-les  (1)  to  (3)  . 

80°K  abosrption  spectra  of  Mg  Cd  Te:P.  x is  varied 

X 1-x 

19  -3 

keeping  [P]  = 5 x 10  cm  in  all  (1)  to  (4)  samples. 
The  scale  numbers  correspond  to  the  curve  numbers. 

80°K  absorption  spectra  of  .Mg^Cd^  ^Te:P.  [P]  is  varied 
keeping  x = 0.0005  in  sanples  (1)  and  (2).  The  scale 
nuirbers  correspond  to  the  curve  numbers. 
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Mg^Cd,,Je:  P(5?^l 

(1)  X = 0 

(2)  X =0.0001 

(3)  X =0.0005 
.(4)  X=0.05 
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ABSTRACT 


Free  carrier  absorption  measurements  of  ZnSe;Al  annealed  under 
Zn-rich  conditions  are  reported.  The  absorption  is  nearly  temperature 
independent,  linear  in  carrier  density  and  shows  a v behavior.  The 
experimental  results  are  compared  with  calculations  based  on  polar  optical 
mode  scattering.  The  agreement  is  reasonable  except  for  the  small  temper 
ature  dependence  observed  in  the  experimental  absorption.  The  conclusions 
are  very  similar  to  those  reached  previously  for  CdTe:Al. 


■'  Worl:  -,uppor;ed  by  the  Di-frn:  <■  Advanced  Research  Projects  .Ngenty 


undei  Contract  .do.  F P'tMH  - i ' C-0I6.’.. 


Theie  has  been  considerable  interest  in  recent  years  in  the 
preparation  and  cVia racteri^ation  of  ZnSe.  However,  tVie  present 
authors  are  not  aware  of  any  reports  of  free  carrier  absorption 
measurements  of  this  material.  The  primary  purpose  of  this 
communication  is  to  give  some  measurements  of  the  free  carrier 
absorption  of  n-type  ZnSe:Al. 

The  Al-doped  ZnSe  crystals  were  from  Czochralski-grown 

ingots  from  the  Eagle  Picher  Co.  The  Al  concentration  quoted 

here  are  those  in  the  melt.  The  as -grown  crystals  are  highly 

self-compensated  and  have  no  detectable  free  carrier  absorption. 

The  self-compensation  mechanism  in  ZnSe  is  not  well  understood 

but  it  presumably  involves  the  removal  of  the  shallow  donor  level 

of  Al,  reported^^^  to  be  0.  008  eV  below  the  conduction  band  edge, 

(Z) 

by  the  formation  of  a complex'  ' , where  M refers 

to  the  metal  sublattice  site  and  V is  a vacancy.  Infrared  absorp- 
tion studies^^^  of  localized  vibrational  modes  of  ZnSe;Al  showed 

more  bands  than  can  be  accounted  for  by  Al„  and  Al„  -Y„ 

' Zn  Zn  ’ Zn 

defects.  The  source  of  the  additional  bands  in  ZnSe:Al  and  other 
Zn-chalcogenides  is  not  imderstood  except  that  they  appear  to  be 
related  to  the  presence  of  the  Al.  On  the  othe  r hand,  CdTe;Al 

(4) 

conforms  to  the  simple  picture  and  extra  bands  are  not  present.  ' 

It  is  generally  known  that  .innealing  ZnSerAl  in  Zn-rich  atmos- 
pheres supprc:  ,es  the  V.,  concentration  thereby  reducing  the  self- 

Zn  / c' 

compensation.  For  the  free-carrier  absorption  measurerncnts  given 
here,  a set  of  ZnSe  crystals  with  different  Al  doping  levels  were  an- 


kA 


Z-B 
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nealed  in  Zn-rich  atmospheres.  The  samples  were  sealed  in  ev'acuated 
quartz  ampoules  with  Zn  shots  and  placed  in  two-zone  lur.nace  with  the 
crystals  at  one  end  of  the  ampoule  at  ll6o'^K  and  the  Zn-pool 
at  the  other  end  at  <:1160°K.  The  anneals  were  of  6 hours  duration. 
For  one  sample  an  anneal  was  for  15  hours  which  showed  no  signi- 
ficant difference  in  free-carrier  absorption  from  that  of  a similar 
sample  annealed  for  6 hours.  After  the  anneals,  the  crystals 
were  cooled  to  room  temperature  by  dropping  the  ampoule  into 
ethylene  glycol. 


The  absorption  measurements  were  performed  on  a Perkin- 
Elmer  model  210  single  beam  grating  monochromator.  The  carrier 
concentrations  in  the  annealed  samples  were  determined  at  300°K 
and  80°K  by  using  the  Van  der  Pauw  method  to  obtain  R = — ^ 


H n q 

There  was  some  initial  difficulty  in  making  good  ohmic  contacts. 

The  best  ones  were  obtained  by  following  a method  due  to  Aven^^\ 
After  the  optical  measurements,  the  samples  were  etched  in  hot 
concentrated  sodium  hydroxide  for  30-60  seconds  and  rinsed  with 
hot  distilled  water.  The  desired  contact  pattern  was  scribed  on  the 
sample  with  a sharp-tipped  In  wire  dipped  in  In-Hg  amalgam..  Extra 
In  was  added  to  the  contacts  by  a soldering  iron.  The  samples  were 
then  fired  at  300°C  in  a stre  ' f pure  hydrogen  for  about  a minute 
and  quenched  rapidly  to  room  temperature.  The  Hall  coefficient 
was  then  measured.  As  a check  the  absorption  of  sample  u5  was 
remeasured  after  the  contacting  step  and  found  to  show  no  change. 

It  is  therefore  assumed  that  the  low  temperature  (300°C)  cycling 
necessary  for  nt.aking  the  ohmic  contact-  has  not  altered  the  an".eal- 
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produced  condition  of  the  £,arriples. 


The  results  of  the  absorption  measurements  are  given  by 

the  data  points  in  Fig.  1.  The  relevant  information  for  the  samples 

measured  is  given  in  Table  I.  Figure  2 shows  a log-log  plot  of  the 

absorption  coefficient  a . versus  the  carrier  concentration,  n , 

e 

for  V-  2000  cm  and  3000  cm  . From  the  absorption  data 
in  Figs,  1 and  2 it  is  apparent  that  with  the  exception  of  sample  #5 
the  spectral  dependence  is  nearly  the  same  and  a ~ v'^'  ® even 
tliough  the  samples  have  different  A1  concentrations.  The  magnitude 
of  the  absorption  is  nearly  proportional  to  n^  and  is  independent 
of  the  A1  concentration.  These  observations  indicate  that  the 
lattice  scattering  absorption  mechanism  is  the  likely  explanation 
fo  • the  measured  absorption  for  samples  #1  through  4.  Sample 
which  has  the  highest  carrier  density  and  a large  [ A1  1 may 
have  a contribution  to  the  absorption  from  ionized  impurity  scatter- 
ing  which  can  have  as  large  as  a v ^ dependence. 


xhe  curves  A,  a,  B,  b and  C in  Fig.  1 are  theoretical 
estimates  of  cx(v)  calculated  by  using  Jensen's  theory  for 

po.ar  optical  mode  scattering.  In  this  theory’,  the  dependence  of 
the  absorption  cross  section,  c(v  )/n^,  on  temperature  and  frequency 
is  contained  in  the  term 


_J 

(hv)^ 


F^  (v.  T)  H^(v)  + F_(v,  T)  H_(v) 


■!-  B 


where 


F^(V,T)  . sinh 


2 sinh 


ZkT 


and  are  complex  functions  of  hv/hT  and  '^^are 

'^so  spin-orbit  splitting  energy  and  G is  the  bandgap  energy. 

Jensen  has  shown  that  the  expressions  simplify  considerably 
in  the  limits  A /G-»0  and  A„„/G-*».  The  ci(v)  curves  A and  B 

o O SO 

of  Fig.  1 refer  to  A __/G  = 0,  T=  300°K  and  the  room  tempera- 

ture  values  for  samples  #1  and  5 respectively.  The  a and  b 

are  similar  curves  for  A /G-»  ».  The  curve  C refers  to 

so 

A^^/G  = 0,  T=  80°K  and  for  the  80°K  carrier  density  of  sample 
16  3 

#1,  n^  = 9,  5 X 10‘  cm  . In  estimating  these  curves,  the  followdng 
values  for  parameters  were  used  ' ' : = 0. 17  m , c =6.1, 

e O ea 

= 9.  2,  G (300°K)  = 2.  58  eV  and  G (80°K)  = 2.  74  eV.  With  this 
choice  of  parameters,  the  calculated  room  temperature  curves  for 
a given  n^  are  both  about  a factor  of  two  larger  than  the  experimen- 
tal absorption.  Moreover,  assuming  a constant  density  the  calculated 
a (300°K)/a(80°K)  s;l.  9 whe  reas  the  experimental  ratio  is  only  srl.  2. 
The  experimentally  observed  decrease  in  n^  of  sample  between 
300°K  and  80°K  makes  the  diffe  rence  between  the  calculated  and 


observed  temperature  dependence  of  a even  larger.  This  difference 
is  similar  for  all  o^  the  samples  and  is  also  very  similar  to  that  re- 
ported prevTOUsly^*^^  for  CdTerAl. 


TABLE  I 


Data  of  ZnSe:  Al  Samples 


Sample 

No. 

-3 

cm 

atm 

,{b) 

m ginneal 

n , Carrier 
e 

, . -3 

density,  cm 

on00°K) 

at 

n 

® -1 
V - 2 000  cm 

300°K 

80°K 

-2 

cm 

1 

3.  8x10^^ 

0.  7 

1.6x10^^ 

9.  5x10^® 

2. 6x10"^^ 

2 

3. 8x10^® 

0.  08 

2.  6x10^^ 

-17 

3.8x10 

3 

3. 8x10^® 

0.  7 

5.  7x10^’^ 

2. 9x10^^ 

2. 9xl0'^^ 

4 

3.8x10^^ 

0.  08 

7.8x10^^ 

NTVi 

4. 6xl0'^^ 

5 

1. 3x10^^ 

0.  7 

2.  9x10^® 

NM 

2. 7xl0'^^ 

(a)  Al  concentration  in  the  melt. 

(b)  Temperature  of  anneal  = 116o'^K;  duration  = 6 hours. 

(c)  KM:  Not  measured. 
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Fig.  1 


Fig.  2 


I 

FIGURE  CAPTIONS 


Absorption  coefficient  vs.  frequency  of  Zn-annealed  ZnSe:Al. 
The  dashed  lines  connect  the  experimental  data  points. 

Numbers  (1)  - (5)  refer  to  corresponding  samples  in  Table  I . 
The  x-points  are  the  80*^K  data  of  sample  1.  All  other  data  are 
for  300°K.  Solid  lines  give  absorption  cal  ciliated  by  using  polar 
optical  mode  scattering.  See  text  for  details. 


Room  temperature  absorption  coefficient  vs.  carrier  density 
at  V = 2000  cm”^  and  3000  cm 
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Qudutit) 

Unit 

SI  Symbol 

Formula 

it‘riKth 

metre 

m 

kilogram 

kg 

(mu* 

set  tmd 

s 

t*le<  tnr  < urrt>nt 

ampere 

A 

thermodynamu  lemperafurt* 

keU  -n 

K 

amount  of  sub&land* 

mole 

mol 

luminous  intensity 

( an<te)a 

cd 

SrPPI>JMi:NTARY  1 MTS 

radian 

rad 

solid  angle 

steradian 

sr 

I)»m  fl>  TNITS 

A(  < t*|t*ration 

metre  per  se<  oii»l  st|uareit 

mJs 

a. ». v't\  fnf  a radioat  l.ve  sourt 

disintegration  per  setorid 

(disintegralion)/s 

nr.wuiar  a<.(  eleration 

radian  per  set  ond  stpiared 

rad/& 

angular  velnc.it\ 

ratiian  per  set  muj 

rad/s 

sijuare  metre 

m 

kilogram  per  i ut>h  metre 

kg/m 

eiei  (rit  1 apai  itari' t- 

farad 

1- 

A-sA/ 

trM  ai  ( imdui  larx  v 

siemens 

S 

AM 

i‘)r^  (ni  field  strengtn 
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^ Ram  Air  Development  Center  * 


RADC  plans  and  conducts  research,  exploratory  and  advanced 
development  programs  in  command,  control,  and  communications 
(C^)  activities,  and  in  the  areas  of  information  sciences 
and  intelligtmce . The  principal  technical  mission  areas 
are  communications,  electromagnetic  guidance  and  control, 
surveillance  of  ground  and  aerospace  objects,  intelligence 
data  collection  and  handling,  information  system  technology, 
ionospheric  propagation,  solid  state  sciences,  sdcrommve 
physics  and  electronic  reliability,  maintainability  and 
compatibility . 
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